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1. Introduction

Thisreport describesthe Verification and Validation (V & V) test cases performed to
qualify ITOUGH2 V3.2 in compliance with YMP-LBNL-QIP-SI.0, Rev. 3, Mod. 0. The
testing of the software followstheV & V Plan as outlined in SCMS Form 3, Point 1, and
addresses the functional requirements given in SCM S Form 2, Point 4.

The qualification of software related to ITOUGH2 is described in Pruess et al. [1996],
Wu et al. [1996], and [I TOUGH2 V3.0 DF6 R00 ].

The requirements are reproduced in Table 1.1. Additional information can be found in
the user’s manual [Finsterle, 1998].

Table 1.1. List of Requirements

#  Requirement Section
Fracture-matrix interface areareduced by:
1.1 A constant 2.1.1
1.2 Upstream saturation 2.1.2
1.3  Upstream saturation times a constant 2.1.3
1.4 Upstream relative permeability 2.1.4
1.5 Upstream relative permeability times afactor 2.1.5
2  Freedrainage boundary condition 2.2
3 ActiveFracture Concept 2.3
4.1 Modification of Brooks-Corey capillary pressure function 24.1
4.2 Modification of van Genuchten capillary pressurefunction  2.4.2
5  New observation types SECONDARY and HEAT FLOW 2.5
6  New prioritiesin porosity definition 2.6
7  Adjusting array dimensions 2.7
8  Application control 2.8
9  Regression testing 2.9

ITOUGH2 V3.2 wasinstalled in adirectory ~/itough2v3.2onaSUN ULTRA 1
workstation under UNIX Solaris 2. Instructions for installing ITOUGHZ2 can be found in
file read.me and the user’s manual.

Thisreport is structured as follows: For each functional requirement, the
corresponding design is described, which may include the mathematical model
implemented in ITOUGH2 V3.2, if appropriate. Next, we discuss the test case or
sequence of test cases performed to validate each requirement, followed by a description of
the test results and their compliance with the acceptance criteriagiven in SCMS Form 3,
Point 1.
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2. Test Results
2.1Fracture-Matrix Interface Area Reduction

There is evidence that fracture-matrix interaction in the unsaturated zoneis reduced as
aresult of fracture coatings as well as preferential flow in the fractures as induced by flow
instabilities (fingering) and small-scale heterogeneities. A number of options for reducing
fracture-matrix interface area have been implemented for use in a dual-permeability flow
simulation. Interface areareduction is applied to connections with a negative value for
variable | SOT, which is provided in the CONNE block [Pruess, 1987]. Different
modifiers are used depending on thevalueof | SOT and MOP(8) assummarizedin
Table 2.1.1.

Table2.1.1. Option for Reducing Fracture-Matrix Interface Area

| SOT MOP( 8) Interface area reduction factor ay,
1,23 any No interface areareduction, i.e., ag, =1
negative 1 as, = RP(6,NMAT)
-11 -2a _3 0 afm = %
2 Ay = % [RP(7,NMAT)
-4! -51 -6 O afm = krB
2 Ay, = kr[a [RP(7,NMAT)
-10, -11, -12 0 a,, = S (see Section 2.3)
A : Fracture-matrix interface area reduction factor.
% : For flow of phase 3, upstream saturation of phase 3.
krﬁ : For flow of phase [3, upstream relative permeability of phase 3.
RP(6,NMAT)# :  6th parameter of rel. perm. function of upstream element.
RP(7,NMAT)# .  7th parameter of rel. perm. function of upstream element.
# : If zero (i.e., not specified), reset to one.

Figure 2.1.1 shows the pseudo-code implemented for the interface area reduction
calculation, revealing the control logic.
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afm=1
if 1SO negative then
determ ne material nunber NVAT of upstream gri dbl ock
if 1SC=-1, -2, or -3 then
af m =upst ream sat urati on
else if 1S0O=-4, -5, or -6 then
afm =upstreamrel ative perneability
else if 1SO=-10, -11, or -12 then
af m =Equati on (2. 3.6)
end if
I f MOP(8)=1 then
af m =RP( 6, NIVAT)
else if MOP(8)=2 then
af meaf m¥ RP( 7, NVAT)
end if
end if
area: =area*afm

Figure 2.1.1. Pseudo-code for interface area reduction.

To validate whether the interface area available for fluid flow between two adjacent
gridblocksis reduced from its geometric value by the corresponding factor described in
Table2.1.1, aone-dimensional, dual-permeability fracture-matrix model was developed
with constant infiltration at the top and constant pressure and saturation at the bottom. The
generic TOUGH2Z input fileis shown in Figure 2.1.2. The model has two layers, each
layer with its own set of fracture and matrix properties. Note that the first four entriesin
block CONNE represent the connections between the fracture and matrix gridblocks,
which will be subjected to interface areareduction. The different options are implemented
by changing MOP(8), I SO, and AREA as described in the following sections.

Because of successful regression testing (see Section 2.9), the Run B simulations

described below can be performed using either standard TOUGH2 or ITOUGHZ2 in
forward mode.
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Fracture-Matrix Interface Area Reduction
ROCKS----1----%-c-- 2o ¥ a3 ¥ e ¥ B % femm a7 %8

FRAC1 2 2000.0 0.10 1. 0E-12 1. 0E-12 1. 0E-12 2.0 900.0
7 0.5000 0. 0100 1. 0000 0.01 0.1
7 0. 5000 0.0100 1. 000E- 04 1. 000
MATR1L 2 2000.0 0.10 1. 0E-17 1. 0E-17 1.0E-17 2.0 900.0
1. 7300 0. 2500
7 0. 2500 0. 1000 1. 0000 0.01 0.1
7 0. 2500 0.1000 1.000E-05 1. 000
FRAC2 2 2000.0 0.10 1. 0E-12 1. 0E-12 1.0E-12 2.0 900. 0
1. 7300 0. 2500
7 0.5000 0. 0100 1. 0000 0.01 0.1
7 0. 5000 0. 0100 1. 000E-03 1. 000
MATR2 2 2000.0 0.10 1. OE-16 1. OE- 16 1. 0E-16 2.0 900.0
1.7300 0. 2500 0.01 0.1
7 0. 2000 0. 1500 1. 0000
7 0. 2000 0. 1500 1. O00E- 06 1. 000

L S T S T S
PARAM 123456789012345678901234

- 39999 9999000000110000000400003000
1. 000E- 05 1. OE+06 9.81
0.8
S S e R e S R L R Ly el -
F 1 10. 1000E- 010. 1000E- 01 -. 5000E+00
M 1 20. 1000E+010. 1000E+01 -. 5000E+00
F 2 10. 1000E- 010. 0000E+00 -. 1500E+01
M 2 20. 1000E+010. 0000E+00 -. 1500E+01
F 3 30. 1000E- 010. 0000E+00 -. 2500E+01
M 3 40. 1000E+010. O0O00E+00 -. 2500E+01
F 4 30. 1000E- 010. 0000E+00 -. 3500E+01
M 4 40. 1000E+010. 0000E+00 -. 3500E+01
F 5 3-.1000E- 010. 1000E- 01 -. 4500E+01
M 5 4-.1000E+010. 1000E+01 -. 4500E+01
CONNE----1----%-cc-2ecea¥ecnoBeenctenacgeeeabenebenee® e e Beeen®eee 7 *o. 28

1M
2M

-10. 0000E+000. 5000E+000. 1000E+01
-10. 0000E+000. 5000E+000. 1000E+01
-10. 0000E+000. 5000E+000. 1000E+01
-10. 0000E+000. 5000E+000. 1000E+01
30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
. 5000E+000. 5000E+000. 1000E+010. 1000E+01
30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01

w
<
OAWNUAWNDNWNER
w
o

= T L T e CT T Ny
1 COML 1. 0000E- 07

'I'IFH TN ZIZIZITTTTm
N
<

oo N T S
M 5
0.99
F 5
0.02

5 N o T e e e S -

Figure2.1.2. Generic TOUGH2 inpuit file for validating fracture-matrix interface area
reduction.
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2.1.1 Interface Area Reduced by a Constant

To confirm that the interface area available for fluid flow between two adjacent
gridblocksis reduced from its geometric value by the constant provided through TOUGH2
input variable RP(6,NMAT), the following two runs were performed:

Run A: Steady-state simulation with geometric interface area, using negative values for
ISOT, setting MOP(8)=1, and setting RP(6,NMAT)=0.01 for all rock types.
Theinput file is named wFM1A,; itisshown in Figure 2.1.2.

Run B: Steady-state smulation with interface areas reduced to 1% of their geometric
values and positive ISOT. Theinput fileis named wFM1B; the CONNE block
is reproduced in Figure 2.1.1.1.

Because of limited accuracy in specifying interface areas in the TOUGH2 inpuit file,
there may be dight differencesin the two results. However, for the values chosen here,
both runs should yield identical results.

The following command lines were used to run the test cases:

tough2 -v 3.2 vwFMLA 9 &
tough2 -v 3.2 vvFMIB 9 &

Inspection of the two output files wFM1A.out and wFM1B.out confirms that
identical results were obtained, fulfilling Requirement 1.1.

CONNE----1----%----2----* o3 ¥ %o B ¥ B m i mF e o T * - 8
F M 1 10. 0000E+000. 5000E+000. 1000E- 01

F 2M 2 10. 0000E+000. 5000E+000. 1000E- 01

F 3M 3 10. 0000E+000. 5000E+000. 1000E- 01

F amMm 4 10. 0000E+000. 5000E+000. 1000E- 01

M M 2 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 2M 3 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 3M 4 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 4M 5 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
F 1F 2 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 2F 3 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 3F 4 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 4F 5 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01

Figure 2.1.1.1. Block CONNE of file wFM1B, showing positive values for variable
ISOT and interface areas reduced to 1% of the values shown in Figure 2.1.2.
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2.1.2 Interface Area Reduced by Upstream Saturation

To confirm that the interface area available for fluid flow between two adjacent
gridblocksis reduced from its geometric value by the saturation of the upstream gridblock,
the following two runs were performed:

RunA: Steady-state simulation with geometric interface area, setting ISOT=-1, and
MOP(8)=0. Theinput fileis named WFM2A, it isidentical to thefile shownin
Figure 2.1.2, with the exception of MOP(8).

Run B: Steady-state simulation with interface areas specified directly in block CONNE,
reduced by the steady-state upstream saturation calculated in Run A. The input
file is named wFM2B.

The results of the two runs are expected to be dightly different because (1) thereis
limited accuracy in specifying interface areas in the TOUGH2 input file, and (2) while the
interface area available for flow changes with saturation (and thus with time) in Run A, the
reduced value is fixed throughout Run B. This difference leadsto a different system
development asit evolves from itsinitial state towards steady-state conditions, with
different time steps taken, different total simulation timesto reach steady state, and
different number of iterations, leading to different round-off and time-discretization errors.
Nevertheless, the results at steady-state are expected to be very similar, with the maximum
difference in any output variable being less than 0.1%.

The following command line was used for Run A:
tough2 -v 3.2 vvFMRA 9 &

The saturations as written to the SAVE file wFM2A.sav (see Figure 2.1.2.1) are used
as reduction factors of the interface areas of the first four connections specified in the

CONNE block of file wFM2B as shown in Figure 2.1.2.2. At steady state, flow isfrom
the fractures into the matrix, making the fracture gridblocks the upstream gridblocks.
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L < m < M < M < T
O 0T 0o o o o o o o

I
o
+

NCON - -
1

I NI TIAL CONDI TI ONS FOR 10 ELEMENTS AT TIME 0.429497E+16
0. 10000000E+00

.4338920874502E+00 0. 0000000000000E+00
0. 10000000E+00

.8921064332228E+00 0. 0000000000000E+00

2 0. 10000000E+00

. 6098054293383E+00 0. 0000000000000E+00
2

0. 10000000E+00

. 8960659745952E+00 0. 0000000000000E+00
3

0. 10000000E+00

.2750228155389E+00 0. 0000000000000E+00

0. 10000000E+00

.9881525567958E+00 0. 0000000000000E+00

4 0. 10000000E+00

. 1754130794552E+00 0. 0000000000000E+00

4 0. 10000000E+00

.9890779950707E+00 0. 0000000000000E+00

0. 10000000E+00

.2000000000000E-01 0. 0000000000000E+00

0. 10000000E+00

.9900000000000E+00 0. 0000000000000E+00

34

89

4 0.10000000E-04 0.42949673E+16

Figure 2.1.2.1. File wFM2A.sav, showing steady-state saturations obtained in Run
A.

CONNE----1----%-cc-2ecea¥ecnoBenntenacgeeeabenebenee®ee e e Beeen®eee 7 *o. 28
F M 1 10. 0000E+000. 5000E+000. 43389087

F 2M 2 10. 0000E+000. 5000E+000. 60980543

F 3M 3 10. 0000E+000. 5000E+000. 27502282

F aMm 4 10. 0000E+000. 5000E+000. 17541308

M M 2 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 2M 3 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 3M 4 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 4M 5 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
F 1F 2 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 2F 3 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 3F 4 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 4F 5 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01

Figure 2.1.2.2. Block CONNE of file wFM2B, showing interface areas reduced by
the fracture saturations shown in Figure 2.1.2.1.

The following command line was used for Run B:
tough2 -v 3.2 vwvFMEB 9 &

Inspection of the two output files wFM2A.out and wFM2B.out confirms that
identical results were obtained, fulfilling Requirement 1.2.
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2.1.3 Interface Area Reduced by Upstream Saturation Times a Constant

To confirm that the interface area available for fluid flow between two adjacent
gridblocksis reduced from its geometric value by the saturation of the upstream gridblock
times the factor provided through variable RP(7,NMAT), the following two runs were
performed:

RunA: Steady-state simulation with geometric interface area, setting ISOT=-1, and
MOP(8)=2, and RP(7,NMAT)=0.1 for all rock types. Theinput fileis named
WFM3A,; it isidentical to the file shown in Figure 2.1.2, with the exception of
MOP(8).

Run B: Steady-state smulation with interface areas specified directly in block CONNE,
reduced by the steady-state upstream saturation calculated in Run A times 0.1.
Theinput file is named wiFM3B.

Theresults at steady-state are expected to be very similar, with the maximum
difference in any output variable being less than 0.1%.

The following command line was used for Run A:
tough2 -v 3.2 vvFMBA 9 &

The saturations as written to the SAVE file wFM3A.sav (see Figure 2.1.3.1) are used
as reduction factors of the interface areas specified for the first four connectionsin the
CONNE block of file wFM3B as shown in Figure 2.1.3.2. The interface areas are further
reduced by 0.1, which is the factor specified in RP(7,NMAT) of Run A. At steady state,
flow isfrom the fractures into the matrix, making the fracture gridblocks the upstream
gridblocks.
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L < m < M < M < T
O 0T 0o o o o o o o

I
o
+

NCON - -
1

I NI TIAL CONDI TI ONS FOR 10 ELEMENTS AT TIME 0.429497E+16
0. 10000000E+00

.4376531245338E+00 0. 0000000000000E+00
0. 10000000E+00

.8357579578799E+00 0. 0000000000000E+00

2 0. 10000000E+00

.6175860651419E+00 0. 0000000000000E+00
2

0. 10000000E+00

. 8436032656234E+00 0. 0000000000000E+00
3

0. 10000000E+00

.2911632608216E+00 0. 0000000000000E+00

0. 10000000E+00

.9878238253713E+00 0. 0000000000000E+00

4 0. 10000000E+00

. 1852263062714E+00 0. 0000000000000E+00

4 0. 10000000E+00

.9889180282040E+00 0. 0000000000000E+00

0. 10000000E+00

.2000000000000E-01 0. 0000000000000E+00

0. 10000000E+00

.9900000000000E+00 0. 0000000000000E+00

35

89

4 0.10000000E-04 0.42949673E+16

Figure 2.1.3.1. File wFM3A.sav, showing steady-state saturations obtained in Run
A.

CONNE----1----%-cc-2ecea¥ecnoBenntenacgeeeabencbenee®en e e Beeen®eee e *. 28
F M 1 10. 0000E+000. 5000E+000. 04376531

F 2M 2 10. 0000E+000. 5000E+000. 06175871

F 3M 3 10. 0000E+000. 5000E+000. 02911633

F aMm 4 10. 0000E+000. 5000E+000. 01852263

M M 2 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 2M 3 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 3M 4 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 4M 5 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
F 1F 2 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 2F 3 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 3F 4 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 4F 5 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01

Figure 2.1.3.2. Block CONNE of file wFM3B, showing interface areas reduced by
10% of the fracture saturations shown in Figure 2.1.3.1.

The following command line was used for Run B:
tough2 -v 3.2 vwvFMBB 9 &

Inspection of the two output files wFM3A.out and wFM3B.out confirms that
identical results were obtained, fulfilling Requirement 1.3.
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2.1.4 Interface Area Reduced by Upstream Relative Permeability

To confirm that the interface area available for fluid flow between two adjacent
gridblocks is reduced from its geometric value by the relative permeability of the upstream
gridblock, the following two runs were performed:

Run A: Steady-state simulation with geometric interface area, setting 1SOT=-4, and
MOP(8)=0. Theinput fileis named wFM4A, it isidentical to thefile shownin
Figure 2.1.2, with the exception of MOP(8) and ISOT for the first four
connections.

Run B: Steady-state smulation with interface areas specified directly in block CONNE,
reduced by the steady-state upstream relative permeability calculated in Run A.
Theinput file is named wiFM4B.

Theresults at steady-state are expected to be very similar, with the maximum
difference in any output variable being less than 0.1%.

The following command line was used for Run A:
tough2 -v 3.2 vwFMIA 9 &

Theliquid relative permeabilities as written to the TOUGH2 output file wiFM4A.out
(see Figure 2.1.4.1) are used as reduction factors of the interface areas of the first four
connections specified in the CONNE block of file wFM4B as shown in Figure 2.1.4.2.

At steady state, flow isfrom the fracturesinto the matrix, making the fracture gridblocks
the upstream gridblocks.
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ELEM | NDEX X1 DX1 K(LIQ)

F 1 1 0.43804E+00 0. 00000E+00 0.63542E-02
M 1 2 0.82310E+00 0. 00000E+00 0. 14249E-01
F 2 3 0.61830E+00 0. 00000E+00 0. 34911E-01
M 2 4 0.83338E+00 0. 00000E+00 0. 16522E-01
F 3 5 0.29271E+00 0. 00000E+00 0. 92665E-03
M 3 6 0.98779E+00 0. 00000E+00 0. 16919E+00
F 4 7 0.18617E+00 0. 00000E+00 0.10746E-03
M 4 8 0.98890E+00 0. 00000E+00 0. 17829E+00
F 5 9 0. 20000E-01 0. 00000E+00 0.26158E-09
M 5 10 0. 99000E+00 0. 0O0000E+00 0. 18831E+00

Figure 2.1.4.1. Excerpt from file wFMA4A.out, showing steady-state liquid relative
permeabilities obtained in Run A.

CONNE----1----%----2----* oo 3o ¥ %o B ¥ B F e o T * - 8
F M 1 10. 0000E+000. 5000E+000. 63542E- 2

F 2M 2 10. 0000E+000. 5000E+000. 34911E-1

F 3M 3 10. 0000E+000. 5000E+000. 92665E- 3

F amMm 4 10. 0000E+000. 5000E+000. 10746E- 3

M M 2 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 2M 3 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 3M 4 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 4M 5 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
F 1F 2 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 2F 3 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 3F 4 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 4F 5 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01

Figure 2.1.4.2. Block CONNE of file wFM4B, showing interface areas reduced by
the fracture relative permeabilities shown in Figure 2.1.4.1.

The following command line was used for Run B:
tough2 -v 3.2 vwFMIB 9 &

Inspection of the two output files wFM4A.out and wFMA4B.out confirms that
identical results were obtained, fulfilling Requirement 1.4.
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2.1.5 Interface Area Reduced by Upstream Relative Permeability Times a
Constant

To confirm that the interface area available for fluid flow between two adjacent
gridblocksis reduced from its geometric value by the relative permeability of the upstream
gridblock times the factor provided through variable RP(7,NMAT), the following two runs
were performed:

Run A: Steady-state simulation with geometric interface area, setting |SOT=-4,
MOP(8)=2, and RP(7,NMAT)=0.1for all rock types. Theinput fileis named
WFMB5A; it isidentical to the file shown in Figure 2.1.2, with the exception of
MOP(8) and ISOT for the first four connections.

Run B: Steady-state simulation with interface areas specified directly in block CONNE,
reduced by 10% of the steady-state upstream liquid saturation calculated in Run
A. Theinput file is named wFM5B.

Theresults at steady-state are expected to be very similar, with the maximum
difference in any output variable being less than 0.1%.

The following command line was used for Run A:
tough2 -v 3.2 vvFMBA 9 &

The liquid relative permeabilities as written to the TOUGH2 output file wFM5A.out
(seeFigure 2.1.5.1) are used as reduction factors of the interface area specified in the
CONNE block of file wFMB5B as shown in Figure 2.1.5.2. The interface areas are further
reduced by 0.1, the factor specified in variable RP(7,NMAT) in Run A. At steady state,
flow isfrom the fractures into the matrix, making the fracture gridblocks the upstream
gridblocks.
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Case 5: Fracture-Matrix Interface Area Reduction: upstreamrel. perm *factor

KCYC = 35 - |ITER = 1 - TIME = 0.53687E+16

ELEM INDEX X1 DX1 K(LIQ)

F 1 1 0.43834E+00 0. 00000E+00 0.63752E- 02
M1 2 0.80758E+00 0. 00000E+00 0. 11399E- 01
F 2 3 0.61896E+00 0. 00000E+00 0. 35104E- 01
M 2 4 0.81769E+00 0. 00000E+00 0. 13182E- 01
F 3 5 0.29408E+00 0. 00000E+00 0. 94738E- 03
M 3 6 0.98776E+00 0. 00000E+00 0. 16894E+00
F 4 7 0.18700E+00 0. 00000E+00 0. 10976E- 03
M 4 8 0.98889E+00 0. 00000E+00 0. 17815E+00
F 5 9 0.20000E-01 0.00000E+00 0. 26158E- 09
M 5 10 0. 99000E+00 0. 00000E+00 0. 18831E+00

Figure 2.1.5.1. Excerpt from file wFM5A.out, showing steady-state liquid relative
permeabilities obtained in Run A.

CONNE----1----*-cne2emne¥eeeeBree¥eengennndeee B e ¥ n e frmm e ¥ e o T e o* o2 8§
F M 1 10. 0000E+000. 5000E+000. 63752E- 3

F 2M 2 10. 0000E+000. 5000E+000. 35104E- 2

F 3M 3 10. 0000E+000. 5000E+000. 94738E- 4

F amMm 4 10. 0000E+000. 5000E+000. 10976E- 4

M M 2 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 2M 3 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 3M 4 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
M 4M 5 30. 5000E+000. 5000E+000. 1000E+010. 1000E+01
F 1F 2 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 2F 3 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 3F 4 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01
F 4F 5 30. 5000E+000. 5000E+000. 1000E- 010. 1000E+01

Figure 2.1.5.2. Block CONNE of file wFM5B, showing interface areas reduced by
10% of the fracture liquid relative permeabilities shown in Figure 2.1.5.1.

The following command line was used for Run B:
tough2 -v 3.2 vvFMbB 9 &

Inspection of the two output files wFM5A.out and wFM5B.out confirms that
identical results were obtained, fulfilling Requirement 1.5.
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2.2 Free Drainage Boundary Condition

A free drainage boundary condition for liquid flow isimplemented, in which gravity is
the only driving force, i.e., (capillary) pressure gradients are ignored across the interface to
aboundary gridblock. Thistype of boundary condition comesinto effect at each
connection, in which one of the gridblocks belongs to rock type DRAIN.

To test whether the free drainage boundary condition is correctly implemented, one-
dimensional, gravity-driven, unsaturated flow is calculated with a free drainage boundary
condition at the bottom of the column. If the resulting steady-state saturation profileis
uniform and not affected by the capillary pressure gradient to the boundary gridblock, the
implementation is considered correct.

The TOUGH2 input fileis shown in Figure 2.2.1. Note that the last element is
inactive (negative volume) and associated with rock type DRAIN.

The following command line was used for Run B:
tough2 -v 3.2 vvFDBC 9 &

The steady-state solution (TOUGH2 output file wFDBC.out) is shown in Figure
2.2.2. Note that the boundary gridblock would act as a capillary barrier, leading to a
saturation buildup and thus nonuniform saturation profile. However, as aresult of the
newly implemented free drainage boundary condition, the saturation profile is uniform,
fulfilling Requirement 2.

Free drai nage boundary condition
* 2 * 3

ROCKS----1----%----2----*----3---- R el B i -
FRACT 2 2000.0 0.10 1. 0E-12 1.0E- 12 1. 0E-12 2.0 900.0
7 0. 5000 0. 0100 1. 0000 0.01 0.1
7 0. 5000 0.0100 1. 000E- 04 1. 000
DRAI' N 2 2000.0 0.10 1.0E-12 1.0E-12 1.0E-12 2.0 900.0
7 0. 5000 0. 0100 1. 0000 0.01 0.1
7 0. 5000 0. 0100 1.000E-04 1. 000
START----1----*-cc-2ece¥eeegeeeet e feee e ¥ e e B e e ¥ e e B e - ¥ e e 7 e %o - 8
PARAM 123456789012345678901234
- 39999 9999000000110000000400003000
1. O00E- 05 1. OE+06 9.81
0.5
O e R A D R R R R T e L R R -
1 1 6
S Y o R e A R B R R - L R O Tl
F 1 10. 1000E+000. 1000E- 01 -. 5000E+01
F 2 10. 1000E+000. 0000E+00 -. 1500E+02
F 3 10. 1000E+000. 0000E+00 -. 2500E+02
F 4 10. 1000E+000. 0000E+00 -. 3500E+02
F 5 2-.1000E+000. 1000E- 01 - . 4500E+02

F 1F 2 30. 5000E+010. 5000E+010. 1000E- 010. 1000E+01

F 2F 3 30. 5000E+010. 5000E+010. 1000E- 010. 1000E+01

F 3F 4 30. 5000E+010. 5000E+010. 1000E- 010. 1000E+01

F 4F 5 30. 5000E+010. 5000E+010. 1000E- 010. 1000E+01

GENER- - - = L= == =% e oo o 2eeo o ¥ oo i Buea Aok B L R S -
F 1 COML 1. 0000E- 07

Figure 2.2.1. TOUGH2 input file wFDBC for free drainage boundary problem.
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Figure 2.2.2. Excerpt from TOUGH2 output file wFDBC.out

at the bottom of the column.

Rev. 01




2.3 Active Fracture Concept

Thereis evidence that only a portion of the connected fracture network conducts water
under unsaturated conditions. The fractures contributing to liquid flow are referred to as
“active fractures’. The Active Fracture Concept (AFC) was developed by Liu et al. [1998]
to describe gravity-dominated, non-equilibrium, preferential liquid flow in fractures, which
is expected to be smilar to fingering in unsaturated porous media. AFC is based on the
hypothesis that (1) the number of active fracturesis small compared with the total number
of connected fractures, (2) the number of active fractures within a gridblock islarge so that
the continuum approach is valid, and (3) the fraction of active fractures, f,, isrelated to
water flux and equals one for afully saturated system, and zero if the system is at residual
saturation. The following power function of effective liquid saturation, §,, fulfills these
conditions:

f,=Y (2.3.1)

Here, y isapositive constant depending on properties of the fracture network, and S, is
the effective liquid saturation given by

g:?—__STr (2.3.2)

Capillary pressure and relative permeability functions are modified to account for the
fact thet the effective saturation in the active fractures, §,, islarger than the effective
saturation of the total fracture continuum:

S, = % = glv (2.3.3)

Using the van Genuchten model, capillary pressure and liquid relative permeability are
given, respectively, by

- v
p = -2 [g0m-q"" (2.3.4)

and

| = %(1+y)/2{1_[1_ s y)/m]n} 2 235

The fracture-matrix interface area reduction factor (see Section 2.1) is given by
agm =% (2.3.6)

The AFC isinvoked by selecting y > 0, which is provided as an additional parameter
of the standard van Genuchten model (ICP=7) through variable CP(6,NMAT). Fracture-
matrix interface area reduction according to Eq. (2.3.6) isinvoked by selecting ISOT
between -10 and -12.
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The AFC isimplemented by modifying the capillary pressure and relative permeability
functions. Theimplementation istested by directly comparing the values (i.e., saturation,
capillary pressure, and relative permeability) given in the TOUGH2 output file with the
ones calculated using Egs. (2.3.2) through (2.3.5).

The TOUGH2 input file shown in Figure 2.3.1 is used for testing of the AFC as well
as other requirements (see below).

TOUGH2 input file for V&V of:

Active Fracture Concept

Modi fi ed Brooks-Corey function

Modi fied van Genuchten function
New observation type SECONDARY

New observation type HEAT FLOW
Handl i ng of porosity

| TOUGH2 application control

P e e e e
~NOO U WNE
o~ —

N0 & o O L T L L R -

AFC 2 2000.0 0.1 1.0E-12 1.0E-12 1.0E-12 2.0 900.0
7 0. 5000 0. 1000 1. 000
7 0. 5000 0.1000 0.001 1. OE+10 1.0 0.5

BC 2 2000.0 0.2 1. 0E-12 1.0E-12 1.0E-12 2.0 900. 0
10 0. 3000 0.1000
10 2. 0000 1000. 0 0. 100

VG 2 2000.0 0.3 1. 0E-12 1. 0E-12 1. 0E- 12 2.0 900.0
11 0. 3000 0.1000
11 3. 0000 1000. 0 0. 100

BC2 2 2000.0 0.2 1.0E-12 1.0E-12 1.0E-12 2.0 900.0
10 0.2000 0. 1000 1.0
10 2.0000 1000. 0 7000. 0 0.3

V&2 2 2000.0 0.3 1. 0E-12 1. 0E-12 1. 0E-12 2.0 900. 0
11 0. 2000 0. 1000 1.0
11 3. 0000 1000. 0 7000. 0 0.3

Y e T M i e EEEET:
3 1 11000080100000000400001000
1.0

1. 0E5 10. 3 20.0

Y I T T T S S -
2 3 2 6

I S T T - e S -
ELM 1 AFC 0.1
ELM 2 BC 0.1
ELM 3 VG 0.1
(oo N = T iy S £ -
ELM 1ELM 2 -10 0.05 0.05 0.10
ELM 2ELM 3 1 0.05 0.05 0.10
L R T < S Ty
e T T - B -
ELM 1 0.4

1.1E5 10. 3 50.0
ELM 2 0.5

1. 0E5 10. 3 20.0
S 0o T T - B S -

Figure 2.3.1. TOUGH2Z input file v used for testing of Active Fracture Concept,
modified Brooks-Corey and van Genuchten functions, newly implemented observation
types, and handling of porosity.
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The parameters used for the AFC as given in the TOUGH2 input file (see Figure
2.3.1) are summarized in Table 2.3.1.

Table 2.3.1. Parameters of AFC

Parameter TOUGH2 Vdue
Parameter

S, RP(2), CP(2) 0.10

y CP(6) 0.50

a CP(3) 0.001

m RP(1), CP(1) 0.50

n=1/(1-m) - 2.00

k PER(1) 1.0E-12

A AREAX 0.10

d, d, DEL1, DEL2 0.05

Figure 2.3.2 shows an excerpt from the TOUGH2 output file w.out, which is
obtained by running the problem with the following command line:

tough2 -v 3.2 vv 3 &

Theliquid saturation in gridblock “ELM 1", to which the AFC characteristic curves
are assigned, is0.69998. Inserting this value along with the parameters of Table 2.3.1.
into Egs. (2.3.2), (2.3.4), and (2.3.5) yields the following capillary pressure and liquid
relative permeability:

_0.69998-0.1

S 1o 066664
P = _%01 0.66664(%5°0/05 —1]1/2'0 = -707.15

2
k, =0. 66664<1+°-5>’2{1— [1-o0. 66664<1'°-5>’°-5]°'5} =0.13177

These values are consistent with the ones reported in the TOUGH2 output file (Figure
2.3.2).

The fracture-matrix interface area reduction factor (see Section 2.1) is given by EQ.
(2.3.6):
a, = 0.66664'"°° = 0.5443

Applying Darcy’ s law between gridblocks “ELM 2" and “ELM 1” yields:
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OPe vz~ Pewwz O
Oermz-eLm1 = _km@fmﬁ_:pl EL'\éi + dzELM2

5 _ 5
— 102 [D.1[D.5443 0.13177_4 988, 07%[]. 070410° -1.0002010 @
5.4418010 0.05+0.05

= -9.14210kg/ s

which is consistent with the liquid flux at the first connection. These results fulfill
Requirement 3.

Rev. 01 19



V&V of:

file for

TOUGH2 i nput

DG DL
(KG M*3)  (KG M*3)

PCAP
(PA)

PSAT
(PA)

SL XAl RG XAl RL

SG

T
(DEG ©)

0. 10775E+06 0. 49999E+02 0. 30002E+00 0. 69998E+00 0. 92531E+00 0. 15337E-04 0. 12335E+05 -

P
(PA)

I NDEX

ELEM

=S
oI

. 70715E+03 0.11114E+01 0. 98807E+03
13229E+04 0. 11936E+01 0. 99832E+03
. 10956E+04 0. 11783E+01 0. 99832E+03

23366E+04 -

0

.10134E+06 0. 20001E+02 0.29999E+00 0. 70001E+00 0. 98551E+00 0. 15914E-04 0.23367E+04 -.

10005E+06 0. 20000E+02 0.29999E+00 0. 70001E+00 0. 98533E+00 0. 15707E- 04

V&V of :

TOUGH input file for

0. 10000E+01

- TIME =
VEL(LI Q)
(MS)

3

- ITER =
VEL( GAS)
(MS)

1

FLS(LIQ.)
(K& S)

KCYC

FLO( GAS)
(K& 9)

FLOF
(K& S)

(31 KO

FLOH FLOF

I NDEX FLOH
(W

ELEML ELEM2

V&V of

TOUGH input file for

0. 10000E+01
H(LI Q)
(J/ KG

TIME =
H( GAS)

(J/ KG)

. 55264E-03 0. 86822E+00 0. 13178E+00 0.31337E+06 0. 20934E+06

3

| TER =
K(LIQ)

KCYC = 1
X1 X2 X3 DX1 DX2 DX3 K( GAS)

I NDEX

ELEM

12058E- 04 0. 11000E-02 0.61718E-01 0.19755E+00 0. 13416E+06 0.83959E+05
. 69924E- 05 0. 33025E-05 0.24311E+00 0. 13583E+00 0. 13462E+06 0. 83954E+05

. 22506E+04 0. 23491E-04 -

2 0.10134E+06 0.10300E+02 0.20001E+02 0. 13411E+04 -.
3 0. 10005E+06 0. 10300E+02 0.20000E+02 0. 49100E+02 -

1 0.10775E+06 0.10300E+02 0. 49999E+02 -

Figure 2.3.2. Excerpt from TOUGH2 output file vw.out showing saturation, capillary pressure, and relative liquid permeability of

element ELM 1, to which the Active Fracture Concept is applied.
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2.4 Modification to Capillary Pressure Functions

Modified versions of the Brooks-Corey and van Genuchten models [Luckner et al.,
1989] were implemented. In order to prevent the capillary pressure from decreasing
towards negative infinity as the effective saturation approaches zero, alinear function is
used for saturations § below acertain value (S, + £), where € isasmall number. The
dope of the linear extrapolation isidentical with the dope of the capillary pressure curve at
S =S, + €. Alternétively, the capillary pressureis prevented from becoming more
negative than — g max -

The correct implementation is checked by visual inspection of the capillary pressure
curves near residual saturation. Capillary pressure vs. saturation data in the range
0< § <larewritten to a separate file for plotting when ITOUGH2 command >>>
CHARACTERI STI C isgiven. Theplot file wi_ch.tec was created using the following
command line:

itough2 -v 3.2 vvi vv 3 &

2.4.1 Modification to Brooks-Corey Capillary Pressure Function

The modified Brooks-Corey model isinvoked by setting both | RP and |1 CP to 10.
The mode is described by the following set of equations (the input parameters are listed in
Table 2.4.1.1):

S = ?: SS“ (2.4.1.1a)

_ 9S-S9«
%715, -5, (2.4.1.1b)
n=-p(S) Y for §2(Scte) (24.1.29)

~1/ LA

REROS D ROsn  (§75¢mf)  for §<(Scve) (24120)
Pe 2~ Pe,max (2.4.1.3)
k) = Ser (2.4.1.4)
ko =(1-Su) A~ %kzjjg (2.4.1.4b)
kg =1-K; (2.4.1.4c)
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Table 2.4.1.1. Input Parameters for Modified Brooks-Corey Model

Parameter Vaiable  Description

| RP 10 select Brooks-Corey relative permeability model
RP( 1) Sik residua liquid saturation for relative permeability functions
RP( 2) Sr residual gas saturation
RP( 3) (flag) if zero, use (2.4.1.4b), otherwise (2.4.1.4c)

| CP 10 select Brooks-Corey capillary pressure model
CP(1) A pore size distribution index
CP(2) Pe gas entry pressure [Pa]
CP(3) gor  ifCP(3) =0then p e =10", £= -1

Pe, max if 0< CP(3) <1luselinear model (2.4.1.2b) for §<§, +¢
if CP(3) = 1,then p, = CP(3), e=-1

CP( 6) S‘frc if zero, then Src = Srk

Figure 2.4.1.1 shows two modified Brooks-Corey capillary pressure functions. The
first one, shown by the solid line, was produced with CP(3) = p_ .., = 7000, limiting the
capillarity to valueslarger than p, = -7000 Pa. The second curve, shown by the broken
line, was produced with CP(3) = £ = 0.1, leading to alinear decrease in capillary pressure
for §<S§,. +¢, tangential to the standard Brooks-Corey curveat S =S, +¢.

The curves shown in Figure 2.4.1.1 reflect the intended behavior, fulfilling

Requirement 4.1.

8000

[}
o
o
o

4000 -

Capillary Pressure [-Pa]

N
o
o
o
1

Brooks-Corey

L L L L L L L L L L L L
02 s, 04 0.6 0.8 1
Liquid Saturation

Figure 2.4.1.1. Modified Brooks-Corey capillary pressure curves.
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2.4.2 Modification to van Genuchten Capillary Pressure Function

The modified van Genuchten model isinvoked by setting both | RP and |1 CP to
11. The model is described by the following set of equations (the input parameters are
described in Table 2.4.2.1):

S = ?__ g’rf (2.4.2.1a)
S = 1_3 :ks_”( : (2.4.2.1b)

P = —%[(%C)'”m —]]1/” for S=(S,.+¢€) (2.4.2.29)

linear model with continuous Slopeat § = §,. + ¢ for §<(§.t¢&) (2.4.2.2b)
Pec =~ Pe,max (2.4.2.3)

ki = 24— (1- s m)mg (2.4.2.42)

ko= (1- %) 1-s&m™" (2.4.2.4b)

kg =1-k, (2.4.2.4c)

Table 2.4.2.1. Input Parameters for Modified van Genuchten Model

Parameter Vaiable  Description

| RP 11 select van Genuchten relative permeability model
RP( 1) Sik residual liquid saturation for rel. perm. functions
RP( 2) S residual gas saturation
RP( 3) (flag) if zero, use (2.4.2.4b), if non-zero, use (2.4.2.4c)
| CP 11 select van Genuchten capillary pressure model
CP(1) n analogous to pore size distribution index
CP(2) Ya analogous to gas entry pressure [Pa)
CP( 3) gor  if OP(3) =0then ey =107, £= -1

Pe, max if 0<CP(3) <1uselinear model (2.4.2.2b) for §<§;, +¢
ifCP(3) = 1,then p, = CP(3), e=-1
CP(4) m if ze2rothen m=1-1n
CP( 6) Src if zero, then Src = Srk
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Figure 2.4.2.1 shows two modified van Genuchten capillary pressure functions. The
first one, shown by the solid line, was produced with CP(3) = p_ ,,,, = 7000, limiting the
capillarity to valueslarger than p, =-7000 Pa. The second curve, shown by the broken
line, was produced with CP(3) = £ = 0.1, leading to alinear decrease in capillary pressure
for § <S,. +¢, tangentia to the standard van Genuchten curveat S =S, +¢.

The curves shown in Figure 2.4.2.1 reflect the intended behavior, fulfilling

Requirement 4.2.

8000

(%]
o
o
o

4000

Capillary Pressure [-Pa]

N
o
o
o

van Genuchten

. 04 0.6
Liquid Saturation

L TR
0.8 1

Figure 2.4.2.1. Modified van Genuchten capillary pressure curves.
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2.5 New Observation Types

ITOUGH2 estimates TOUGH2 input parameters based on observations for which a
corresponding TOUGH2 output variableis calculated. Two new observation types were
added, i.e., new output variables are extracted from TOUGHZ2 and made available for
comparison with observed data. In ITOUGHZ2, the observation type is specified by
second-level commandsin block > OBSERVATI ON. Thefirst new observation typeis
selected by command >> SECONDARY, extracting the secondary parameters of the
specified gridblock. The secondary parameters are the phase-specific fluid properties
shownin Table 2.5.1 (see dso Figure 2 in Pruess [1991]).

Table 2.5.1. Secondary Parameters

Index Parameter

Saturation

Relative permeability

Dynamic viscosity

Dengty

Specific enthalpy

Capillary Pressure

+k Mass fraction of Component k

OOk, WNPE

N

w

The second new observation type is selected by command >> HEAT FLOW
extracting the heat flux of the specified connection.

The correct implementation of the new observation types is checked by comparing the
values printed to the TOUGH2 output files with those reported as “ computed” in the
residual analysis of the ITOUGH2 output file. If they areidentical, ITOUGH2 correctly
extracted the selected values from the TOUGH2 output arrays.

File wi shown in Figure 2.5.1 was used in combination with the TOUGHZ2 input file
W (see Figure 2.3.1) to generate the requested output. Note that MOP(5) issetto 8 infile
w to produce printout of al secondary parameters.

The following command was used:
itough2 -v 3.2 vvi vv 3 &

The output of thisrunisaso used for testing Requirement 6.
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> PARAMETERS

--- the follow ng bl ock tests new handling of porosity val ues,
i.e., porosity given in block INCON (0.5) will be overwitten by
initial guess (0.6) for elements with rock type BC___ (ELM 2)

>> POROSI TY
>>> MATERI AL: BC
>>>> VALUE
>>>> @QUESS: 0.6
<<<<
<<<
<<

> OBSERVATI ON

>> TIME: 1
1.0

--- The follow ng bl ocks test the new observation type SECONDARY
>> SECONDARY par aneters
--- gas phase

>>> ELEMENT: ELM 1
>>>> ANNOTATI ON: 1, 1=gas sat
>>>> GAS PHASE
>>>> PARAMETER : 1
>>>> NO DATA
<<<<
>>> ELEMENT: ELM 1
>>>> ANNOTATI ON: 1, 2=gas rel per
>>>> GAS PHASE
>>>> PARAMETER : 2
>>>> NO DATA
<<<<
>>> ELEMENT: ELM 1
>>>> ANNOTATI ON: 1, 3=gas vi sc
>>>> GAS PHASE
>>>> PARAMETER : 3
>>>> NO DATA
<<<<
>>> ELEMENT: ELM 1
>>>> ANNOTATI ON: 1, 4=gas dens
>>>> GAS PHASE
>>>> PARAMETER : 4
>>>> NO DATA
<<<<

Figure 2.5.1. ITOUGH2 input file wvi.
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>>>

>>>

>>>

>>>

--- liqui

>>>

>>>

>>>

>>>

ELEMENT: ELM 1

>>>> ANNOTATI ON: 1, 5=gas enth
>>>> GAS PHASE

>>>> PARAMETER : 5

>>>> NO DATA

<<

ELEMENT: ELM 1

>>>> ANNOTATI ON: 1, 6=gas cap pres
>>>> GAS PHASE

>>>> PARAMETER : 6

>>>> NO DATA

<<

ELEMENT: ELM 1

>>>> ANNOTATI ON: 1, 7=Xwg
>>>> GAS PHASE

>>>> PARAMETER : 7

>>>> NO DATA

<<

ELEMENT: ELM 1

>>>> ANNOTATI ON: 1, 8=Xag
>>>> GAS PHASE

>>>> PARAMETER : 8

>>>> NO DATA

<<

d phase

ELEMENT: ELM 1

>>>> ANNOTATION: 2, 1=liqg sat
>>>> LI QU D PHASE

>>>> PARAMETER : 1

>>>> NO DATA

<<<<

ELEMENT: ELM 1

>>>> ANNOTATION: 2, 2=liq rel per
>>>> LI QU D PHASE

>>>> PARAMETER : 2

>>>> NO DATA

<<<<

ELEMENT: ELM 1

>>>> ANNOTATION: 2, 3=liq visc
>>>> LI QU D PHASE

>>>> PARAMETER : 3

>>>> NO DATA

<<<<

ELEMENT: ELM 1

>>>> ANNOTATI ON: 2, 4=liq dens
>>>> LI QU D PHASE

>>>> PARAMETER : 4

>>>> NO DATA

<<<<

Figure 2.5.1. (cont.) ITOUGH2 input file wvi.
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>>> ELEMENT: ELM 1
>>>> ANNOTATION: 2,5=liq enth
>>>> LI QU D PHASE
>>>> PARAMETER : 5
>>>> NO DATA
<<<<
>>> ELEMENT: ELM 1
>>>> ANNOTATION: 2, 6=liqgq cap pres
>>>> LI QU D PHASE
>>>> PARAMETER : 6
>>>> NO DATA
<<<<
>>> ELEMENT: ELM 1
>>>> ANNOTATI ON: 2, 7=Xwl
>>>> LI QU D PHASE
>>>> PARAMETER : 7
>>>> NO DATA
<<<<
>>> ELEMENT: ELM 1
>>>> ANNOTATI ON: 2, 8=Xa
>>>> LI QU D PHASE
>>>> PARAMETER : 8
>>>> NO DATA
<<<<
<<<

--- the follow ng bl ock tests new observation type HEAT FLOW

>> HEAT FLOW
>>> CONNECTION. ELM 1 ELM 2
>>>> NO DATA
<<<<
<<<
<<

> COVPUTATI ON
>> QUTPUT
>>> VERS|I ON control statenents
>>> CHARACTERI STI C curves
<<<

>> OPTI ON
>>> FORWARD
<<<

<<

Figure 2.5.1. (cont.) ITOUGH2 input file wvi.
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Figure 2.5.2 shows an excerpt from the TOUGHZ2 output file. Asaresult of option
MOP(5)=8, the secondary parameters as stored in TOUGH2 vector PAR are printed for
gridblock “ELM 1", providing information about viscosity, specific enthal py, and water
mass fractions not available in the standard TOUGH2 output file. Saturation, relative
permesbility, capillary pressure, air mass fractions, and phase densities can be taken from
the standard TOUGH2 output. Heat flow acrossinterface“ELM 2 ELM 17 is-353.11 W.

Figure 2.5.3 shows an excerpt from the ITOUGH2 output file wi.out. The column
under header “COMPUTED’ holds the selected observations extracted from TOUGH?2
vector PAR and GLO for the specified gridblock and connection, respectively.

The values given in column “COVPUTED” of file wi.out (Figure 2.5.3) and the

corresponding output variablesin the TOUGH2 output file (Figure 2.5.2) are identical,
confirming the correct implementation of Requirement 5.

Rev. 01 29



SECONDARY PARAMETERS

. 707148E+03 0. 999985E+00 0. 153374E-04 0.499994E+02 0. 000000E+00

0. 300023E+00 0. 868225E+00 0. 190691E-04 0.111143E+01 0.313374E+06 0. 000000E+00 0. 746918E-01 0.925308E+00 0.699977E+00 0.131775E+00

0.544175E- 03 0. 988072E+03 0. 209335E+06

ELEMENT ELM 1

V&V of:

TOUGH2 input file for

DX3M MAX. RES.
0. 24540E- 08

DX2M

DX1M
0. 22506E+04 0. 23491E-04 0. 11000E-02

DL
KG M *3)

(

*3)

M

K

(

. 70715E+03 0.11114E+01 0. 98807E+03

PCAP
(PA)

PSAT
(PA)

XAl RL

XAl RG

SL

SG

T
(DEG ©)

0. 10775E+06 0. 49999E+02 0. 30002E+00 0. 69998E+00 0. 92531E+00 0. 15337E-04 0. 12335E+05 -

P
(PA)

I NDEX

ELEM

=S
IR

13229E+04 0. 11936E+01 0. 99832E+03
. 10956E+04 0. 11783E+01 0. 99832E+03

23366E+04 -

0

.10134E+06 0. 20001E+02 0.29999E+00 0. 70001E+00 0. 98551E+00 0. 15914E-04 0.23367E+04 -.

10005E+06 0. 20000E+02 0. 29999E+00 0. 70001E+00 0. 98533E+00 0. 15707E- 04

V&V of :

TOUGH input file for

0. 10000E+01

- TIME =
VEL(LI Q)
(MS)

3

- ITER =
VEL( GAS)
(MS)

1

FL(:XLIQ.)
(K& S)

KCYC

FLO( GAS)
(K& 9)

FLOF
(K& S)

(31 KO

FLOH FLOF

LOH
(W

F

I NDEX

ELEML ELEM2

V&V of

TOUGH input file for

0. 10000E+01
H(LI Q)
(J/ KG

TIME =
H( GAS)

(J/ KG)

. 55264E-03 0. 86822E+00 0. 13178E+00 0.31337E+06 0. 20934E+06

3

| TER =
K(LIQ)

KCYC = 1
X1 X2 X3 DX1 DX2 DX3 K( GAS)

I NDEX

ELEM

-
eeee)

-~

o

),

S
2888

. 24311E+00 0. 13583E+00 0. 13462E+06 0. 83954E+05

12058E- 04 0. 11000E-02 0.61718E-01 0.19755E+00 0. 13416E+06 0. 83959E+05

-.69924E-05 0. 33025E-05

. 22506E+04 0. 23491E-04 -

. 20000E+02 0. 49100E+02

o
A

10300E+02

-
O

)

)
YAAARN0a

.10134E+06 0. 10300E+02 0. 20001E+02 0. 13411E+04 -.
0

0. 10775E+06 0. 10300E+02 0. 49999E+02 -
10005E+06

Figure 2.5.2. Excerpt from TOUGH2 output file vw.out, showing secondary parameters, mass fractions, relative permeabilities,

capillary pressure, and heat flux.
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i nfluence

RESI DUAL : Measured - conputed
R*P*R : Squared wei ghted residua
STD. DEV.: A posteriori

Yi : Local reliability or

) : Normalized residual

If abs(W) > u(0.99)

standard devi ati on of conputed system response
bservations with i

< 0.25 are poorly controlled

= 2.58 observation is potential outlier

0. 00000E+00

PORCSI TY BC

1, 1=gas sat 0. 10000E+01
1, 2=gas rel per 0.10000E+01
1, 3=gas visc 0. 10000E+01

1, 4=gas dens 0. 10000E+01
1, 5=gas enth 0. 10000E+01
1, 6=gas cap pre 0.10000E+01
1, 7=Xwg 0. 10000E+01
1, 8=Xag 0. 10000E+01
10 2,1=liq sat 0. 10000E+01
11 2,2=liq rel per 0.10000E+01
12 2,3=liqg visc 0. 10000E+01
13 2,4=liq dens 0. 10000E+01
14 2,5=liqg enth 0. 10000E+01
15 2,6=liqg cap pre 0.10000E+01
16 2, 7=Xw 0. 10000E+01
17 2, 8=Xal 0. 10000E+01
18 F-H ELM 1 ELM 2 0. 10000E+01

0. 20000E+00

. 10000E- 49
. 10000E- 49
. 10000E- 49
. 10000E- 49
. 10000E- 49
10000E- 49
. 10000E- 49
. 10000E- 49
. 10000E- 49
. 10000E- 49
. 10000E- 49
. 10000E- 49
. 10000E- 49
10000E- 49
0. 10000E- 49
0. 10000E- 49
0. 10000E- 49

Coo0PoppPoocooo

0. 60000E+00 -0. 40000E+00

0. 30002E+00 -0.
0. 86822E+00 - 0.
0. 19069E- 04
0.11114E+01
0. 31337E+06
0. 00000E+00
0. 74692E-01
0. 92531E+00
0. 69998E+00
0. 13178E+00
0. 54417E- 03
0. 98807E+03
0. 20934E+06
-0. 70715E+03
0. 99998E+00
0. 15337E-04
- 0. 35311E+03

..,
OCooQPoo0P0ocoQoo0

30002E+00
86822E+00

. 19069E- 04
.11114E+01
. 31337E+06

10000E- 49

. 74692E- 01
. 92531E+00
. 69998E+00
. 13178E+00

. 54417E- 03

. 98807E+03
. 20934E+06
. 70715E+03

. 99998E+00
. 15337E- 04
. 35311E+03

0. 00000E+00
. 10000E+01
. 10000E+01
. 10000E+01
. 10000E+01
. 10000E+01

Co0o0QC000CP00o0P00000o

10000E+01

. 10000E+01
. 10000E+01
. 10000E+01
. 10000E+01
. 10000E+01
. 10000E+01
. 10000E+01

10000E+01
10000E+01

. 10000E+01
. 10000E+01

OOOOooOOOoo_OopOOO

. 90014E-01
. 75381E+00
. 36363E- 09

12353E+01

. 98203E+11

10000E- 99

. 55789E- 02
. 85620E+00
. 48997E+00
. 17365E-01
. 29613E- 06
. 97629E+06

43821E+11

. 50006E+06
. 99997E+00
. 23524E- 09
. 12469E+06

0. 00000E+00

[el=JeleloYol=lelelolcl=loYelele)a]

. 00000E+00
. 00000E+00
. 00000E+00

00000E+00

. 00000E+00

00000E+00

. 00000E+00
. 00000E+00
. 00000E+00

00000E+00

. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00
. 00000E+00

PRRPppRrRPRPRRRREPpRRPRERR

-1.11
0.00
-0.07
-0.93
-0. 70
-0.13
0. 00
-988.07 *
*kkkkkhkkk*x K
707.15 *
-1.00
0.00
353.11 *

Figure 2.5.3. Excerpt from ITOUGH2 output file wi.out, showing residual analysis.
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2.6 New Priorities in Assigning Porosities

In standard TOUGHZ2, porosity is specified through variable POR in block ROCKS.
Thisvalueisassigned to al gridblocks which belong to the corresponding rock type.
However, this porosity value can be overwritten on a gridblock-to-gridblock basis through
variable PORX specified in block INCON. If porosity is one of the parametersto be
estimated by inverse modeling, the porosity should be adjusted during the optimization,
i.e., the porosity estimate provided by ITOUGHZ2 must have the highest priority,
overwriting values stored in POR and PORX.

In order to test the implementation of this concept, we used three different ways to
assign porosity to gridblocks“ELM 1”7, “ELM 2", and “ELM 3" asshown in filew
(Figure 2.3.1) and wi (Figure 2.5.1). Theinitial guessfor porosity specified in the
ITOUGHZ2 input fileis different from the corresponding one in the TOUGHZ2 input file,
affecting“ELM 2”. Porosity values are al'so given in block INCON for gridblocks “ELM
1" and “ELM 2". The porosities given in SAVE file w.sav (Figure 2.6.1) reflect the
values actually used in the smulation.

A summary isgivenin Table 2.6.1. The porosity value from block INCON has
overwritten that from block ROCKS, and the porosity given in the ITOUGHZ2 input file has
overwritten that from block INCON, in agreement with the intended behavior and thus
fulfilling Requirement 6.

I NCON -- I NI TI AL CONDI TI ONS FOR 3 ELEMENTS AT TIME 0.100000E+01
ELM 1 0. 40000000E+00

0.1077494458364E+06 0. 1030002349086E+02 0. 4999944736214E+02

ELM 2 0. 60000000E+00

0.1013411139066E+06 0.1029998794249E+02 0. 2000110000267E+02

ELM 3 0. 30000000E+00

0. 1000491003565E+06 0.1029999300758E+02 0. 2000000330247E+02
+++

1 3 5 0. 00000000E+00 0. 10000000E+01

Figure 2.6.1. File vv.sav showing porosity values used during the simulation.

Table 2.6.1. Porosities Assigned and Actually Used

Gridblock ROCKS INCON ITOUGH2 SAVE
ELM 1 0.1 0.4 - 0.4
ELM 2 0.2 0.5 0.6 0.6
ELM 3 0.3 - - 0.3
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2.7 Adjusting Array Dimensions

Problems solved by ITOUGH2 vary considerably in size, depending on the number of
gridblocks and connections used for discretization, the number of equations solved, the
number of parameters estimated, the number of observations available, etc. Dueto the
overall size of ITOUGH?2, it isimportant to be able to adjust the dimensions of major
TOUGH2 and ITOUGH?2 arrays to make the code fit on a specific computer with limited
memory. Because ITOUGHZ2 iswritten in FORTRANT77, no dynamic memory allocation
ispossible, i.e., arrays are redimensioned by changing their size in the source code,
followed by recompilation.

The design and architecture of ITOUGHZ2 alows for safe, convenient, and fast
adjustment of mgjor arrays. The purpose of this section isto prove that changing array
dimensions using the procedure described herein does not corrupt the code.

The ITOUGH2 design makes use of the following features to assure safe maintenance
of the code:

(1) All COMMON blocks holding major arrays are stored in INCLUDE files, making sure
that any modification (such as redimensioning) is made consistently throughout the
code.

(2) Array dimensions are given by constants, which are defined using PARAMETER
statements. This assures consistency of arrays that must have identical dimensions.
The PARAMETER statements are summarized in an INCLUDE file named
maxsize.inc.

(3) Compilation is performed by means of a makefile and the “make’ utility, available on
UNIX machines and most PCs. Thisassuresthat al files affected by a change are
recompiled.

(4) Checksare made within ITOUGH2 to assure that agiven array is sufficiently largeto
accommodate the problem at hand. If an array index is greater than the size of the
array, an error message is printed and ITOUGH2 run is stopped.

(5) Thearray dimensions used for a specific run are reported in output files for traceability
(see Section 2.8).

The procedure for redimensioning major arrays can be described as follows:

(1) If anITOUGH2 array is not sufficiently dimensioned, an error message is issued,
indicating the constant that must be increased.

(2) The user edits file maxsize.inc, adjusting the appropriate constants.

(3) Theuser types“make” to recompile and relink ITOUGH2.

Rev. 01 33



The following test runs assure that (A) ITOUGHZ2 cannot be run if an array is
insufficiently dimensioned, and (B) if ITOUGH2 runs, its arrays are sufficiently
dimensioned.

In order to perform Test A, the constants defined in file maxsize.inc were stepwise
reduced until an error message was issued when running the recompiled code using the
following command:

itough2 -v 3.2 vwRITi VWRIT 3 &
An example of an error message is shown in Figure 2.7.1.

The constants were then increased by 1 above the values that triggered the error
message, yielding the minimum array sizes accepted by ITOUGH2. The corresponding
file (named minsize.inc) is shown in Figure 2.7.2.

ITOUGHZ2 was then recompiled using minimum array dimensions, and a compiler
option, which detects array size violations during compilation and execution. The on-line
manual pages for the corresponding compiler option for the SUN Solaris 2 compiler {77,
Version FORTRAN 77, SC4.2, are reproduced in Figure 2.7.3.

Adjusting array dimensions can be considered safe if ITOUGH2 compiles and runs
properly with array dimensioned minimally for the given test problem, since array range
violations are most rigoroudly detected with minimum array dimensions. If arrays are
larger than the problem size, no problems are expected to occur. If array dimensions are
too large to make ITOUGH?2 fit in the computer’ s memory, either the code cannot be run,
or its speed performance deteriorates. Neither case poses arisk that erroneous simulation
results are obtained.

ITOUGH2 could be compiled and run with minimum array dimensions, fulfilling
Requirement 7.

* k kk*k ERR(R * k kk*k

* Nunber of paraneters exceeds MAXN = 2.

* I ncrease MAXN in file nmaxsize.inc and reconpil e!
* Kk kk*k ERR(R * Kk kk*k

Figure 2.7.1. Excerpt from ITOUGH2 output file wRITi.out, show error message if
arrays are insufficiently dimensioned.
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C$$$$$$$$$ PARAMETERS FOR SPECI FYI NG THE MAXI MUM PROBLEM SI ZE $$$$$$3$$$$

R R S S O R S O

| TOUGH2 and TOUGH2 paraneter statenents

R R R R R R R R R R R R RS

O00000

--- MAXTIM : Maxi mum nunber of calibration tines
| NTEGER MAXTI M
PARAVETER ( MAXTI M=61)

R R R R R R R R R R R R R R R RS

TOUGH2 paraneter statenments
EE R I R R R

000000

--- MAXEL : Maxi mum nunber of elenents
| NTEGER MAXEL
PARAMVETER ( MAXEL=53)

(@) @)

--- MAXCON : Maxi mum nunber of connections
| NTEGER MAXCON
PARAVETER ( MAXCON=52)

(@)@

MAXK : Maxi mum nunber of conponents/species
| NTEGER MAXK
PARAVETER ( MAXK=2)

00

--- MAXEQ : Maxi mum nunber of equations per block
I NTEGER MAXEQ
PARAMETER ( MAXEQ=3)

(@) @)

--- MAXPH : Maxi mum nunber of phases
| NTEGER MAXPH
PARAMVETER ( MAXPH=2)

elele)

MAXB : Maxi mum nunber of phase-dependent secondary vari abl es
ot her than conponent mass fractions

| NTEGER MAXB

PARAVETER ( MAXB=6)

(@) @)

--- MAXSS : Maxi mum nunmber of sources/sinks
| NTEGER MAXSS
PARAMVETER ( MAXSS=1)

00

MAVTAB : Maxi num average nunber of table entries per sink/source
| NTEGER MAVTAB
PARAVETER ( MAVTAB=1)

00

--- MAXROC : Maximum nunmber of rock types
I NTEGER MAXROC
PARAMETER ( MAXROC=3)

(@) @)

--- MAXTSP : Maxi mum nunber of specified tinme steps divided by 8
| NTEGER MAXTSP
PARAMVETER ( MAXTSP=1)

00

MAXLAY : Maxi mum nunber of reservoir l|layers for deliverability
| NTEGER MAXLAY
PARAMETER ( MAXLAY=1)

MAXRPCP : Maxi mum nunber of paranmeters for a relative perneability
or a capillary pressure function
(to get nmore than 7, nore input |lines may be needed!).

I NTEGER MXRPCP

PARAMETER ( MXRPCP=7)

[eleleXe]

MXPCTB : Maxi mum points in table of ECM capillary pressure
vs. saturation

I NTEGER MXPCTB

PARAMETER ( MXPCTB=1)

(eleXe}

MXTBC : Maxi mum nunber of elenments with tinme vs. boundary condition
--- MXTBPT : Maxi mum nunmber of time vs. pressure data

I NTEGER MXTBC, MXTBPT

PARAVETER ( MXTBC=1)

PARAMETER ( MXTBPT=1)

elele)

Figure 2.7.2. File maxsize.inc with minimum array dimensions for test problem.

Rev. 01 35



--- Storage for MA28. LIRN is the size of |IRN and needs to be |arger
than the nunber of non-zeros NZ=(NEL+2* NCON)* NEQ* NEQ.
LICN is the length of ICN and CO
I NTEGER LI CN, LI RN
PARAMETER ( LI RN=2* ( MAXEL+2* MAXCON) * MAXEQ MAXEQ)
PARAVETER (LI CN=4* ( MAXEL+2* MAXCON) * MAXEQ* MAXEQ)

elele)

(@)@

Parameters for conjugate gradi ent package t2cgl
I NTEGER NREDM MNZ, NRWORK, NI WORK

PARAVETER ( NREDMEMAXEQ* MAXEL)

PARAVETER ( MNZ=( MAXEL +2* MAXCON) * MAXEQF MAXEQ)
PARAVETER ( NRWORK=1000+NMNZ+38* NREDM)

PARAMETER ( NI WORK=32+M\Z+5* NREDM)

Paraneters for |IFS

MAXI FSP  : Maxi mum nunber of |FS paraneters
| NTEGER MAXI FSP

PARAVETER ( MAXI FSP=1)

(eleXe}

R R R R R R R R R R R R R RS

I TOUGH2 paranmeter statenments
EE R I I R R O
--- MAXN : Maxi mum nunber of paraneters to be estimated

| NTEGER MAXN

PARAVETER ( MAXN=3)

0O0000

00

--- MAXO : Maxi mum nunber of datasets
I NTEGER MAXO, MAXOTWO
PARAMETER ( MAXO=2)
PARAMETER ( MAXOTWO=2* MAXO)

MAXM : Maxi mum nunber of calibration points

(approx. nunber of datasets times number of calibration tines)
I NTEGER MAXM

PARAMETER ( MAXM=123)

(elele)

(@) @)

--- MAXPD : Max nunber of paired data
| NTEGER MAXPD
PARAVETER ( MAXPD=120)

(@) @)

MAXR : Dinension of array RPAR and | PAR, ROBS and | OBS
| NTEGER MAXR
PARAMETER ( MAXR=10)

00

--- MAXBRK : Max nunber of points in time at which SAVE file is witten (restart)
I NTEGER MAXBRK
PARAMETER ( MAXBRK=1)

(@) @)

--- MAXEBRK : Max nunber of elenments with new initial conditions after break
| NTEGER MAXEBRK
PARAVETER ( MAXEBRK=1)

00

MAXCOEFF : Max nunber of coefficients for data nodeling functions
| NTEGER MAXCCEFF
PARAMVETER ( MAXCCEFF=1)

00

--- MAXMCS . Max nunber of Monte Carlo sinulations
| NTEGER MAXMCS
PARAMETER ( MAXMCS=1)

(@) @)

--- MAXCURVE : Max nunber of curves to be plotted
| NTEGER MAXCURVE
PARAMETER ( MAXCURVE=6)

Figure 2.7.2. (cont.) File maxsize.inc with minimum array dimensions for test
problem.
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F77(1) User Commands F77(1)

NANMVE
f77 - FORTRAN 77 conpiler

DESCRI PTI ON
f77 is a superset of FORTRAN 77.
Version: FORTRAN 77 SC4.2

-C Check array references for out of range subscripts.

Subscripting arrays beyond their declared sizes may
result in unexpected results, including segnentation
faults. The -C option checks for possible array sub-
script violations in the source code and during execu-
tion.

If the -C option is used, array subscript violations
are treated as an error. If an array subscript range
violation is detected in the source code during conpi-
lation, it is treated as a conpilation error

This option will increase the size of the executable
file.

Figure 2.7.3. Manua pages for compiler option - C, checking array subscript
violations.
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2.8 Application Control

The application control of ITOUGHZ2 simulations was enhanced to improve
traceability. Thefollowing information is printed to either the TOUGHZ2 output file, the
ITOUGHZ2 output file, or the ITOUGH2 message file:

e Starting and ending date and time of run;

* Namesof TOUGH2 and ITOUGHZ input files;
» Directory name of input and output files;

* Equation-of-state module used;

* Name of script file used to run ITOUGHZ;

e Command arguments passed to script file;

* Name of ITOUGHZ2 executable;

* Typeof computer used;

» Computer host name;

* Login name of user;

» Constants used for dimensioning of major arrays (see Section 2.7);
» Version control statements for each subroutine.

Figures 2.8.1 through 2.8.4 show various excerpts of the ITOUGH2 output file
WRITi.out. Note the correct reporting of command line arguments, and the array
dimension statements, which agree with the values given in include file maxsize.inc,
shown in Figure 2.7.2. Requirement 8 is considered fulfilled.
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V3.2 (May 1998) FOR SUN WORKSTATI ON,

S. FINSTERLE

| TOUGH2 | NPUT FI LE : VVRITi

TOUGH2 | NPUT FI LE : VWRIT

DI RECTORY : Impresto/u/finster/itough2v3. 2/ Test Cases

EQUATI ON OF STATE MODULE NO. : 3 - Two-phase, non-isothermal flow of water and air

COVPONENTS : WATER AR HEAT

PHASES . GAS LIQUI D

TOUGH2 TI TLE : TOUGH2 input file for sinulating two-phase,transient 'Darcy' experinment

Figure 2.8.1. Excerpt from ITOUGH2 output file wRITi.out, showing starting date, input file names, directory, and number of
equation-of-state modul e used.

COWUTER SYSTEM

Machi ne type : SUN Workstation

UNI X script file nane : Impresto/u/finster/bin/itough2

UNI X command |ine arguments : -v 3.2 vwWRITi vRIT 3

Host nane : presto.lbl.gov

User name : finster

Execut abl e : Imlpresto/u/finster/itough2v3.2/itough2_3.presto.|bl.gov

Conputer is as fast as a SUN ULTRAL

--- End of ITOUGH2 input job: 86 lines read, 0. 32 CPU seconds used

Figure 2.8.2. Excerpt from ITOUGH2 output file wRITi.out, showing information regarding computer system used and command line
arguments.
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Maxi mum nunber
Maxi mum nurnber
Maxi mum nunber
Maxi mum nunber
Maxi mum nunber
Maxi mum nunber

Maxi mum aver age nunber of

Maxi mum nunber

Maxi mum nunber
Maxi mum numnber
Maxi mum nunber
Maxi mum nunber
Maxi mum nunber
Maxi mum nunber
Maxi mum nunber

Maxi mum nunber
Maxi mum nunber

Maxi mum numnber
Maxi mum nunber

Maxi mum numnber
Maxi mum nunber
Maxi mum nunber
Maxi mum numnber
Maxi mum numnber
Maxi mum nunber

Di nensi on of
Nunber
Nunber
Maxi mum nunber

of
of

of
of
of

of parameters for

of

of
of

of

el enent s

connecti ons

conponent s

equati ons

phases

phase- dependent secondary vari abl es
si nks/ sour ces

table entries per sink/source

rock types
specified time steps, divided by eight
reservoir layers for wells on deliverability

relative permeability and capillary pressure functions
ECM capi |l l ary pressure

points in table for
boundary condition

elements with time vs.
tinme vs. pressure data
calibration tinmes
paraneters to be estinated
dat aset s

calibration points

paired data
el enents or indicesof each paraneter or observation
points in tinme at which SAVE file is witten for restart
elements with new initial conditions after restart
coefficients for data nodeling functions

Monte Carlo sinmul ations

curves to be plotted

third index of array XGUESSR
of observation types
of plot file formats

primary vari abl es

Figure 2.8.3. Excerpt from ITOUGH2 output file wRITi.out, showing information regarding computer system used and command line

arguments.
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| TOUGH2 Current version V3.2 (May 1998)

| TOUGH 1.0 1 AUGUST 1992 | TOUGH User's Guide, Version 1.0, Report NI B 92-99

| TOUGH2 2.2 1 FEBRUARY 1994 | TOUGH2 User's Cuide, Version 2.2, Report LBL-34581

I TOUGH2 3.0 12 JULY 1996 YMP Software qualification, Report LBNL-39489

I TOUGH2 3.1 1 APRIL 1997 | TOUGH2 Command Reference, Version 3.1, Report LBNL-40041
| TOUGH 3.2 1 JuLy 1998 YMP Software qualification, Report LBNL-42002

WHATCOM 1.0 10 AUGUST 1993 #35: Q WHAT COWUTER | S USED? A: SUN

CALLSIG 1.0 5 DECEMBER 1995 #112: SI GNAL HANDLER

CPUSEC 1.0 10 AUGUST 1993 #--: RETURNS CPU-TI ME (VERSI ON SUN)

OPENFI LE 2.5 4 JUNE 1996 #31: OPENS MOST OF THE FI LES

LENGCS 1.0 1 MARCH 1992 #28: RETURNS LENGTH OF LI NE

PREC 1.0 1 AUGUST 1992 #86: CALCULATE MACHI NE DEPENDENT CONSTANTS

| THEADER 3. 2 27 MAY 1998 #29: PRINTS | TOUGH2 HEADER

DAYTI M 1.0 10 AUGUST 1993 #32: RETURNS DATE AND TI ME (VERSI ON SUN)

THEADER 3.2 27 MAY 1998 #30: PRI NTS TOUGH2 HEADER

| NPUT 3.2 20 JUNE 1998 READ ALL DATA PROVI DED THROUGH FI LE *| NPUT*, + SECONDARY MESH + USERX
CHECKMAX 1.0 11 MAY 1996 #41: CHECK KEY DI MENSI ONS

FLOPP 1.0 11 APRIL 1991 CALCULATE NUMBER OF SIGNIFI CANT DIG TS FOR FLOATI NG PO NT ARl THVETI C
RFI LE 3.2 21 OCTOBER 1997 I NI TI ALI ZE DATA FROM FI LES *MESH* OR *M NC*, *CGENER*, AND *| NCON*
ITINPUT 1.0 1 AUGUST 1992 # 2: READS COMVANDS COF COVVAND LEVEL 1

READCOW 2. 5 14 JUNE 1996 #24: READS A COMVAND

FI NDKEY 1.1 4 AUGUST 1993 #25: READS A KEYWORD

LTU 1.0 1 AUGUST 1992 #26: CONVERTS LOAER TO UPPER CASE

| NPARAME 3. 2 20 JUNE 1998 # 3. READS PARAMETERS TO BE ESTI MATED

I NPAR 3.1 17 MARCH 1997 # 4. READS PARAMETER VALUES, WEI GHTS, ETC.

| NELEM 3.1 3 APRI L 1997 #23: READS GRI D BLOCK NAME AFTER A COLON

NEXTWORD 2.5 9 FEBRUARY 1996 #27: EXTRACTS NEXT WORD ON A LI NE

I NV\BP 3.1 17 MARCH 1997 #11: READS VEEI GHT, BOUNDS, ANNOTATI ON, AND PARAMETERS
READREAL 1.0 1 AUGUST 1992 #22: READS A REAL AFTER A COLON

READINT 1.0 1 AUCGUST 1992 #21: READS AN | NTEGER AFTER A COLON

| NOBSERV 3. 2 2 OCTOBER 1997 #12: READS TYPE OF OBSERVATI ON

INTIMES 3.1 29 APRIL 1997 #13: READS TI MES AT WHI CH OBSERVATI ONS ARE AVAI LABLE

I NOBS 2.5 13 DECEMBER 1995 #15: READS OBSERVATI ON | NFOS

I NOBSDAT 2.5 13 JANUARY 1996 #17: READS ALL OBSERVED DATA

I NPAI RED 3.1 2 APRIL 1997 #19: READS PAI RED DATA SET

I NVEI GHT 3. 2 7 OCTOBER 1997 #20: READS VEI GHTS

I NCOWPUT 1.0 1 AUGUST 1992 #16: READS VARI OUS COVPUTATI ONAL PARAMETERS

INTOLER 3.1 27 MARCH 1997 #83: READS TOLERANCE/ STOPPI NG CRI TERI A

I NERROR 2.3 20 DECEMBER 1994 #81: READS COVMANDS FOR ERROR ANALYSI S

INPRINT 2.5 13 JANUARY 1996 #80: READS OUTPUT OPTI ONS

CETI NDEX 2. 2 11 MARCH 1994 #45: GETS | NDEX OF ELEMENTS, CONNECTI ONS, AND SOURCES
I Nl GUESS 3. 2 20 JUNE 1998 #38: INITIAL GUESS OF PARAMETERS ( XGUESS)

Figure 2.8.4. Excerpt from ITOUGH2 output file wRITi.out, showing version control statements.
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GETNMAT
| XLBXUB
SETWSCAL
OBSMVEAN
SETXSCAL
I'N_OUT

TI NEW ND
PRSTATUS
ERRORMEG
LEVMAR
FCNLEV
UPDATE
PRI ORI NF
OBSERVAT
GETMESH
GETI NCON
I'NI TTOUG
ECS

SAT

VI SW
COMT
PCAP
SUPST

VI SCO
covl S

VI SS
RELP
BALLA

| NDATA
CALLTOUG
TSTEP
MULTI

LI NEQ

CONVER
ouT
OBSERVED
OBJFUN
VRl TEPAR
PLOTFI LE
JAC
M_LAVBDA
TERM NAT
VR FI
QFI SHER
|

QCH
POLYNOM

PRNOPNGRPENNGN oWwPRRrPWRPRRRrWR L ppNROPONORDNONONORERNN
CoNINNLNOUS U ©ONRFPOONOCOOONOOooUINREFNRENWHUTRUINOOUIR -

21 SEPTEMBER 1993
21 SEPTEMBER 1993

8 AUGUST
1 AUGUST
1 AUGUST
20 JUNE
30 NOVEMBER
20 FEBRUARY
21 MARCH
26 MARCH
10 JANUARY
20 JUNE
21 SEPTEMBER
2 OCTOBER
15 APRIL
18 NOVEMBER
18 APRIL
28 MARCH
22 JANUARY
22 JANUARY
22 JANUARY
1 JUNE
29 JANUARY
1 FEBRUARY
1 FEBRUARY
22 JANUARY
1 JUNE
5 MARCH
5 MARCH
2 APRIL
27 MARCH
1 JUNE
31 JANUARY

13 JUNE

18 APRIL

4 AUGUST
21 MARCH
17 JUNE

6 OCTOBER
24 FEBRUARY
14 FEBRUARY
13 MAY

13 JANUARY
16 FEBRUARY
1 AUGUST

1 AUGUST

1996
1992
1992
1998
1995
1997
1996
1996
1995
1998
1993
1997
1993
1997
1996
1991
1990
1990
1990
1998
1990
1990
1990
1990
1998
1991
1991
1997
1997
1998
1994

1996
1996
1996
1996
1996
1997
1997
1994
1998
1996
1994
1992
1992

#44: | DENTI FI ES MATERI AL NUMBER

#43: | NI TI ALI ZES ARRAY XLB AND XUB

#39: I NI TI ALI ZES ARRAY WSCALE

#40: CALCULATES MEAN OF OBSERVATI ONS

#42: | NI TI ALI ZES ARRAY XSCALE

#35: PRINTS A SUMVARY OF | NPUT DATA
#53: SETS TI ME W NDOW

#91: PRI NTS STATUS MESSAGES

#34: PRI NTS ERROR MESSAGES

#99: LEVENBERG MARQUARDT OPTI M ZATI ON ALGORI THM

#50: RETURNS WEI GHTED RESI DUAL VECTCOR

#37: UPDATES PARAMETERS

#48: PRI OR | NFORVATI ON

#62: COVPARES MEASURED AND CALCULATED QUANTI TI ES

#47: READS FILE MESH, M NC, GENER, AND | NCON
#46: READS FI LE | NCON

#54: | NI TI ALI ZES TOUGH2 RUN (REPLACES CYCIT)

*ECS3* ... THERMOPHYSI CAL PROPERTI ES MODULE FOR WATER/ Al R

STEAM TABLE EQUATI ON: SATURATI ON PRESSURE AS FUNCTI ON OF TEMPERATURE
VI SCOSI TY OF LI QUID WATER AS FUNCTI ON OF TEMPERATURE AND PRESSURE
LI QU D WATER DENSI TY AND | NT. ENERGY AS FUNCTI ON OF TEMPERATURE AND PRESSURE
CAPI LLARY PRESSURE

VAPOR DENSI TY AND | NTERNAL ENERGY AS FUNCTI ON OF TEMPERATURE AND PRESSURE
CALCULATE VI SCOSITY OF VAPOR- AlR M XTURES

COEFFI CI ENT FOR GAS PHASE VI SCOSI TY CALCULATI ON

VI SCOSI TY OF VAPOR AS FUNCTI ON OF TEMPERATURE

RELATI VE PERMEABI LI TI ES

PERFORM SUMMARY BALANCES FOR VOLUME, NASS, AND ENERGY

PROVI DE PRI NTOQUT OF MOST DATA PROVI DED THROUGH FI LE * I NPUT*

#55: CALLS TOUGH2 FOR ONE TI ME STEP

ADJUST TI ME STEPS TO CO NCI DE W TH USER- DEFI NED TARGET TI MES
ASSEMBLE ALL ACCUMULATI ON AND FLOW TERMS

I NTERFACE FOR LI NEAR EQUATI ON SOLVERS

CAN CALL MA28 OR A PACKAGE OF CONJUGATE GRADI ENT SOLVERS

UPDATE PRI MARY VARI ABLES AFTER CONVERGENCE | S ACHI EVED

PRI NT RESULTS FOR ELEMENTS, CONNECTI ONS, AND SI NKS/ SOURCES

#78: RETURNS OBSERVED DATA AS A FUNCTION OF TI ME

#49: COWMPUTE OBJECTI VE FUNCTI ON

#56: WRI TE BEST FI T PARAMETER SET AND BLOCK ROCKS

#58: WRI TES PLOTFI LE | N PLOPO- FORVAT

#51: CALCULATES FI NI TE DI FFERENCE JACOBI AN

#67: ESTI MATES NEW LAMBDAS

61: PERFORM ERROR ANALYSI S AND TERM NATE | TOUGH2

AT THE COVPLETION OF A TOUGH2 RUN, WRI TE PRI MARY VARI ABLES ON FI LE * SAVE*
#77: RETURNS QUANTI LE OF F-DI STRI BUTI ON

#88: RETURNS CHI - SQUARE QUANTI LE

#89: EVALUATES POLYNOM

Figure 2.8.4. (cont.) Excerpt from ITOUGH2 output file wRITi.out, showing version control statements.
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El GEN 3.2 14 AUGUST 1997 #59: PERFORMS EI GENANALYSI S
LOGLIKE 2.1 29 SEPTEMBER 1993 #68: COVPUTE LOG- LI KELI HOOD
QNORMAL 2.5 13 JANUARY 1996 #87: RETURNS QUANTI LE OF NORMAL DI STRI BUTI ON
MOVENT 3.2 23 JULY 1997 #90: MOMENTS OF DI STRI BUTI ON
SORT 3.1 17 APRI L 1997 #113: SORTS ARRAY
MOVENT 3.1 17 APRI L 1997 #75: LI NEAR REGRESSI ON ANALYSI S
PLOTI F 1.0 15 FEBRUARY 1993 #96: PLOT | NTERFACE
REFORVAT 1.1 15 APRI L 1993 #97: REFORVATS PLOT FI LES
QUOTES 1.0 15 FEBRUARY 1993 #98: RETURNS TEXT BETWEEN QUOTES
--- 2nd | TOUGH2 simul ation job conpleted: 25-Jun-98 10:51 --- CPU tinme used = 77.82 sec.

0 error(s) and O warning(s) detected

Figure 2.8.4. (cont.) Excerpt from ITOUGH2 output file wRITi.out, showing version control statements.
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2.9 Regression Testing

The purpose of regression testing is to make sure that the various modifications made
to ITOUGH2 have not corrupted the overal performance of the code. Aninversionis
performed in the following test case, i.e., the main application model of ITOUGHZ2 is
tested, engaging almost all subroutines and major program options. However, the test case
does not make use of any of the new features presented in this report, which makesit
compatible with the previously qualified version of the code [ITOUGH2 V3.0 DF6 R00 .

The sametest caseisrun with Versions 3.0 and 3.2, using the following two commands:

itough2 -v 3.0 -ito vRITi.v30.0out vRITi VRT3 &
itough2 -v 3.2 vwRITi VWRIT 3 &

Thetest caseis similar to sample problem saml1p4i, described in detail in Finsterle
[1997]. A comparison of output file wRITiv30.out (Figure 2.9.1) with file wRITi.out
(Figure 2.9.2) shows that identical parameter estimates and estimation uncertainties were
obtained, passing the regression test and fulfilling Requirement 9.

It is suggested to use thistest case aso for installation testing when porting ITOUGH2
from one platform to another.
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p00rrrrrrrrrrrrrrrrrrrrrrrrrrbrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrprrrrrrrrprrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrprrrrrrrrrrrrnd
ESTI MATED PARAMETER V/L/F ROCKS PAR I'NI TI AL GUESS BEST ESTI MATE STANDARD DEVI ATI ONS SENSI TI VI TY

A PRI ORI JO NT (O} QUTPUT 0OBJ. FUNC.
| og(abs. perm) LOG10 SAND +1 1 -0.1200000E+02 -0.1169897E+02 N A 0.8606E-02 0.514 608. 3 0. 952
PORCSI TY SAND VALUE SAND 1 0. 2500000E+00 0. 3500000E+00 N A 0.8242E-02 0. 455 222.4 0.872
Gas entrapped VALUE DEFAU 2 0. 1025000E+02 0. 1030000E+02 N A 0.2315E-02

0.797 489. 7 2. 647
EREERE RN R RN R RN R R R R R R R AR RN AR RN AR R AR RN AR R R RN R AR AR AN RN RN RN R RN

Figure 2.9.1. Excerpt from ITOUGH2 output file wRITi.v30.out, showing inverse modeling results obtained with previously qualified
version ITOUGHZ2 V3.0.

rrprrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrerrrrrrrrrerrrrrrrirrrrrrrrrend
ESTI MATED PARAMETER V/L/F ROCKS PAR I NI TI AL GUESS BEST ESTI MATE STANDARD DEVI ATI ONS SENSI TIVITY

A PRI ORI JO NT aJ QUTPUT OBJ. FUNC.
| og(abs. perm) LOGL0 SAND +1 1 - 0. 12000E+02 -0. 11699E+02 N A 0. 861E-02 0.514 608. 3 0. 952
PORGCSI TY SAND VALUE SAND 1 0. 25000E+00 0. 350E+00 N A  0.824E-02 0. 455 222. 4 0.872
Gas entrapped VALUE DEFAU 2 0. 10250E+02

0. 10300E+02 N A 0. 231E-02 0.797 489.7 2. 647
RN RN N R R N N R R R R R R R R N R R N RN AR A RN NN

Figure 2.9.2. Excerpt from ITOUGH2 output file wRITi.out, showing inverse modeling results obtained with ITOUGH2 V3.2.
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3. Summary

Table 3.1 summarizes the test cases run to qualify ITOUGH2 V3.2 by listing the
requirements (see d'so SCMS Form 2, Point 4), the associated input and relevant output
files, and the outcome of the test, i.e., whether the acceptance criteria (SCMS Form 3,
Point 1) were met.

Table 3.1. Summary of V & V Testing

# Reguirement Input Files  Output Files Criteria
Met?
Fracture-matrix interface areareduced by:
1.1 A constant WFM1A  wFM1A.out yes
wFM1B  wFMI1B.out
1.2 Upstream saturation WFM2A  wFM2A.out yes
wFM2B  wFMZ2A.sav
wWFM2B.ou
1.3 Upstream saturation times a constant wFM3A  wFM3A.out yes
wFM3B  wFM3A.sav
wFM3B.out
1.4 Upstream relative permesability wFM4A  wFM4A.out yes

wkFM4B  wFMA4B.ou

1.5 Updtream relative permeability timesafactor  wFM5BA  wFMbA.out  yes
wFM5B  wFMS5B.ou

2 Freedrainage boundary condition wFDBC  wFDBC.out yes
3 Active Fracture Concept A% vv.out yes
4.1 Modification of Brooks-Corey capillary Wi wi_chtec  yes
pressure function A%
4.2 Modification of van Genuchten capillary Wi wi_chtec  yes
pressure function vV
5 New observation types SECONDARY and A wvi.out yes
HEAT FLOW Wi vv.out
6 New prioritiesin porosity definition Wi vv.out yes
vV
7 Adjusting array dimensions WRITI WRITi.out yes
WRIT
WRIT.dat
minsize.inc
8 Application control WRITI WRITi.out yes
WRIT
WRIT.dat
9 Regression testing WRITI WRITi.out yes
WRIT  wRIT.v30.out
WRIT.dat

Since al acceptance criteria are met, all functional requirements are fulfilled, i.e.,
ITOUGH2 V3.2 can be considered technically validated in compliance with
YMP-LBNL-QIP-SI.0, Rev. 3, Mod. 0.
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Appendix A: List of Files

Cont ai ns source code and utilities of | TOUGH V3. 2.
See file read.ne for installation instructions.

STWr--r1-- 1 finster stefan 7849 Jun 30 00: 00 Makefile
-r--r--r-- 1 finster stefan 915 Jun 30 00: 00 best.inc
-r--r--r-- 1 finster stefan 274 Jun 30 00:00 bfact.inc
-r--r--r-- 1 finster stefan 519 Jun 30 00: 00 break.inc
-r--r--r-- 1 finster stefan 1436 Jun 30 00:00 caltiminc
-r--r--r-- 1 finster stefan 232 Jun 30 00:00 carrera.inc
-r--r--r-- 1 finster stefan 197 Jun 30 00: 00 comment.inc
-r--r--r-- 1 finster stefan 1126 Jun 30 00: 00 connect.inc
-r--r--r-- 1 finster stefan 995 Jun 30 00: 00 copa.inc
-r--r--r-- 1 finster stefan 496 Jun 30 00:00 covar.inc
-r--r--r-- 1 finster stefan 1039 Jun 30 00: 00 data.inc
-r--r--r-- 1 finster stefan 1377 Jun 30 00: 00 el enents.inc
-r--r--r-- 1 finster stefan 352 Jun 30 00:00 eos.inc
-r--r--r-- 1 finster stefan 33418 Jun 30 00:00 eosl.f
-r--r--r-- 1 finster stefan 36279 Jun 30 00:00 eos2.f
-r--r--r-- 1 finster stefan 40621 Jun 30 00: 00 eos3.f
-r--r--r-- 1 finster stefan 39616 Jun 30 00:00 eos3ecm f
-r--r--r-- 1 finster stefan 52446 Jun 30 00:00 eos4.f
-r--r--r-- 1 finster stefan 35597 Jun 30 00:00 eos5. f
-r--r--r-- 1 finster stefan 42941 Jun 30 00: 00 eo0s9.f
-r--r--r-- 1 finster stefan 46556 Jun 30 00: 00 eos9ecm f
-r--r--r-- 1 finster stefan 2628 Jun 30 00:00 estiminc
-r--r--r-- 1 finster stefan 185 Jun 30 00: 00 flcominc
-r--r--r-- 1 finster stefan 40 Jun 30 00:00 ff.inc
-r--r--r-- 1 finster stefan 1056 Jun 30 00:00 filenane.inc
-r--r--r-- 1 finster stefan 734 Jun 30 00:00 fixsize.inc
-r--r--r-- 1 finster stefan 3244 Jun 30 00: 00 flags.inc
-r--r--r-- 1 finster stefan 472 Jun 30 00:00 flovel.inc
-r--r--r-- 1 finster stefan 356 Jun 30 00: 00 gasprop.inc
-r--r--r-- 1 finster stefan 236 Jun 30 00: 00 gradient.inc
-r--r--r-- 1 finster stefan 677 Jun 30 00: 00 guess.inc
-r--r--r-- 1 finster stefan 748 Jun 30 00: 00 hyster.inc
-r--r--r-- 1 finster stefan 537 Jun 30 00: 00 ifsdunmy.f
-r--r--r-- 1 finster stefan 214 Jun 30 00:00 inval.inc
STWr--r1-- 1 finster stefan 179 Jun 30 00: 00 invdir

- WX - XF - X 1 finster stefan 4120 Jun 30 00:00 it2help
STWF--F-- 1 finster stefan 239291 Jun 30 00: 00 it2hel p.txt
-r--r--r-- 1 finster stefan 216692 Jun 30 00: 00 it2input.f
-r--r--r-- 1 finster stefan 331372 Jun 30 00:00 it2main.f
-r--r--r-- 1 finster stefan 19867 Jun 30 00:00 it2user.f
-r--r--r-- 1 finster stefan 97659 Jun 30 00:00 it2xxxx.f
-r--r--r-- 1 finster stefan 416 Jun 30 00:00 iter.inc

- T WXT - XF - X 1 finster stefan 11967 Jun 30 00: 00 itough2
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STWIr--r-- 1 finster stefan 668 Jun 30 00: 00 itough2.1o0g
STWIr--r-- 1 finster stefan 6599 Jun 30 00: 00 itough2v32.1 st
-r--r--r-- 1 finster stefan 544 Jun 30 00: 00 jacobi.inc
- FWXT - XTI - X 1 finster stefan 3805 Jun 30 00:00 kit
-r--r--r-- 1 finster stefan 298 Jun 30 00:00 levnar.inc
-r--r--r-- 1 finster stefan 723 Jun 30 00:00 lineqg.inc
-r--r--r-- 1 finster stefan 114512 Jun 30 00:00 ma28. f
-r--r--r-- 1 finster stefan 571 Jun 30 00: 00 maxm i nc
SrWr--r-- 1 finster stefan 4510 Jun 30 00: 00 naxsi ze.inc
SrWr--r-- 1 finster stefan 4510 Jun 30 00: 00 maxsi ze0.inc
-r--r--r-- 1 finster stefan 11073 Jun 30 00: 00 ndepcray. f
-r--r--r-- 1 finster stefan 11217 Jun 30 00: 00 ndepdec. f
-r--r--r-- 1 finster stefan 11070 Jun 30 00: 00 ndephp. f
-r--r--r-- 1 finster stefan 11053 Jun 30 00: 00 ndepi bm f
-r--r--r-- 1 finster stefan 4212 Jun 30 00: 00 ndepl ah. f
-r--r--r-- 1 finster stefan 11315 Jun 30 00: 00 ndepsgi . f
-r--r--r-- 1 finster stefan 11247 Jun 30 00: 00 ndepsun.f
-r--r--r-- 1 finster stefan 50718 Jun 30 00: 00 neshm f
-r--r--r-- 1 finster stefan 894 Jun 30 00: 00 neshmi nc
-r--r--r-- 1 finster stefan 4487 Jun 30 00: 00 ninsize.inc
-r--r--r-- 1 finster stefan 376 Jun 30 00: 00 mm. i nc
-r--r--r-- 1 finster stefan 129 Jun 30 00:00 nstl.inc
-r--r--r-- 1 finster stefan 3043 Jun 30 00: 00 obser.inc
-r--r--r-- 1 finster stefan 2029 Jun 30 00: 00 paraminc
-r--r--r-- 1 finster stefan 1341 Jun 30 00: 00 parsel.inc
-r--r--r-- 1 finster stefan 465 Jun 30 00: 00 penalty.inc
-r--r--r-- 1 finster stefan 545 Jun 30 00: 00 plot.inc
-r--r--r-- 1 finster stefan 1055 Jun 30 00: 00 primary.inc
- T WK - XT - X 1 finster stefan 5272 Jun 30 00: 00 prista
-r--r--r-- 1 finster stefan 247 Jun 30 00: 00 probsize.inc
-r--r--r-- 1 finster stefan 557 Jun 30 00: 00 ratesave.inc
-r--r--r-- 1 finster stefan 422 Jun 30 00:00 rconst.inc
SrWr--r-- 1 finster stefan 13611 Jun 30 00: 00 read. ne
-r--r--r-- 1 finster stefan 298 Jun 30 00:00 resid.inc
-r--r--r-- 1 finster stefan 612 Jun 30 00: 00 rnmasvol .inc
-r--r--r-- 1 finster stefan 1375 Jun 30 00: 00 rock.inc

dr wxr wWxr wx 2 finster stefan 512 Jun 30 00: 00 sanpl e@A
-r--r--r-- 1 finster stefan 490 Jun 30 00: 00 second.inc
-r--r--r-- 1 finster stefan 887 Jun 30 00: 00 sinman.inc
-r--r--r-- 1 finster stefan 297 Jun 30 00: 00 skinrad.inc
-r--r--r-- 1 finster stefan 401 Jun 30 00: 00 stocha.inc
-r--r--r-- 1 finster stefan 65050 Jun 30 00:00 t2cgl.f
-r--r--r-- 1 finster stefan 164873 Jun 30 00:00 t2f.f
-r--r--r-- 1 finster stefan 748 Jun 30 00:00 t2voc.inc
-r--r--r-- 1 finster stefan 123 Jun 30 00:00 title.inc

- T WK - XT - X 1 finster stefan 1752 Jun 30 00: 00 tough2
-r--r--r-- 1 finster stefan 1807 Jun 30 00:00 units.inc
-r--r--r-- 1 finster stefan 211 Jun 30 00: 00 usercominc
-r--r--r-- 1 finster stefan 178 Jun 30 00: 00 weight.inc
-r--r--r-- 1 finster stefan 2238 Jun 30 00:00 wells.inc
-r--r--r-- 1 finster stefan 274 Jun 30 00: 00 xuser.inc

Total: 93 files + 1 subdirectory



Contains input files for running validation problens described in:
| TOUGH2 V3.2, Verification and Validation Report

Report LBNL-42002, Lawrence Berkel ey National Laboratory, Berkel ey,
Calif.

June 1998

- FWXT - XTI - X 1 finster stefan 4487 Jun 29 09:34 ninsize.inc
SrWr--r-- 1 finster stefan 2573 Jun 29 09: 34 vv
SrWr--r-- 1 finster stefan 2052 Jun 29 09: 34 vvFDBC
SrWr--r-- 1 finster stefan 3751 Jun 29 09: 34 vvFMLA
SrWr--r-- 1 finster stefan 3791 Jun 29 09: 34 vvFMLB
SrWr--r-- 1 finster stefan 3723 Jun 29 09: 34 vvFMRA
SrWr--r-- 1 finster stefan 3842 Jun 29 09: 34 vvFM2B
SrWr--r-- 1 finster stefan 3760 Jun 29 09: 34 vvFMBA
SrWr--r-- 1 finster stefan 3866 Jun 29 09: 34 vvFMBB
SrWr--r-- 1 finster stefan 3720 Jun 29 09: 34 vwFMAA
SrWr--r-- 1 finster stefan 3835 Jun 29 09: 34 vwvFM4B
SrWr--r-- 1 finster stefan 3760 Jun 29 09: 34 vvFMBA
SrWr--r-- 1 finster stefan 3857 Jun 29 09: 34 vvFMBB
SrWr--r-- 1 finster stefan 1724 Jun 29 09:34 vvRIT
SrWr--r-- 1 finster stefan 3219 Jun 29 09: 34 vvRIT. dat
SrWr--r-- 1 finster stefan 2724 Jun 29 09:34 vRIT
SrWr--r-- 1 finster stefan 3599 Jun 29 09: 34 vv

Total 17 files
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Appendix B: File read.me

This flyer contains brief instructions for installing and running
| TOUGH2 under UNI X operating system Machi ne-dependent routines are
provi ded for the various conputer systens. |Installing | TOUGH2 on
anot her computer system may require mnor nodifications of the
subroutines provided in file <ndep???.f>.

| TOUGH2 can al so be compiled on a PC. If the Lahey Conpiler is used,
t he appropriate conpiler options and machi ne-dependent subroutines are
provided in files Makefile and ndepl ah.f, respectively.

The distribution includes the source code, various utility script files,
and sanpl e probl ens:

Uilities
(1) read.ne - The file you are readi ng.
(2) Makefile - UNI X makefile for conpiling and |inking | TOUGH.
(3) itough2 - UNIX script file for running | TOUGH.
(in subdirectory ../bin).
See header of file for details.
(4) tough2 - UNIX script file for running TOUGH as a dunmy
| TOUGH2 run
(put in subdirectory ../bin).
See header of file for details.
(5) prista - UNIX scrip file for displaying status of | TOUGH
run.
(put in subdirectory ../bin).
See header of file for details.
(6) kit - UNIX script file for sending signals to | TOUGH
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(put in subdirectory ../bin).
See header of file for details.

(7) it2help - UNIX script file for displaying | TOUGR2 manual pages
(put in subdirectory ../bin).
See header of file for details.

(8) it2help.txt - ITOUGH2 nanual pages.
(9) invdir - Dummy I TOUGHR input file to solve direct problem
only.

| TOUGH2 FORTRAN source files

(10) *.inc - Include files contai ning COWON bl ocks and PARAMETER
statenents for dinensioning nmajor arrays
(see naxsize.inc).

(11) it2main.f - | TOUGH2 nmi n subrouti nes.

(12) it2input.f - Subroutines reading | TOUGH input file.

(13) it2user.f - Subroutines for user-specified paraneters, user-
speci fi ed observations, user-specified boundary
conditions, and user-specified data functions.

(14) it2xxxx.f - Subroutines for mnimzation algorithm
matri X operations, eigenanalysis, etc.

(15) ndep???.f - Machi ne- dependent subroutines for ?7??

??? = ibm dec, sun, hp, sgi, star, |ah, cray.

TOUGH2 FORTRAN source files

(16) t2cgl.f - Conjugate gradi ent sol vers.

(17) t2f.f - Core nodul e of TOUGH.

(18) neshm f - Module with internal nmesh generation facilities.
(19) eos#.f - Equation of state nobdule No. #.

(20) nma28.f - Direct linear equation solver.

Sanpl e problens (subdirectory <sanpl eQA>)

B B s e e e o O B B B B o s e e o S SO B
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| NSTALLATI ON
+++++++H++++

Installing | TOUGH2 requires basic know edge about the UNI X operating
system including shell progranm ng, the nmakefile utility, changing
perm ssions, and adding a directory to the PATH shell variable. If

| TOUGH2 is installed exactly as recommended bel ow, only very m nor
nodi fications have to be made to the Makefile and the script files, if
at all.

(1) Create a new directory in your hone directory. Type
cd ; nkdir itough2

Multiple | TQUGH2 versions can be installed in subdirectories
i tough2v?

where ? is the version nunber used with the -v option on the
i tough2 conmand |i ne.

(2) Move the conpressed tar file it2 tar.Z to directory ~/itough2
or ~/itough2v?:
nv it2 tar.Z itough2

(3) Gotothe newly created directory and unconpress the tar file.
Type:
cd itough2 ; unconpress it2 tar.Z

(4) Extract the files fromthe archive file. Type
tar -xvf it2 tar

A subdirectory ~/itough2/sanples is created containing
all the sanple problens. The script files (tough2, itough2, prista,
it2help, and kit) are copied to subdirectory ../bin.

(5) If you want to change the di nensions of the major TOUGH2 and
| TOUGH2 arrays, edit file <maxsize.inc>.

(6) Edit file <Makefile> to custom ze the follow ng vari abl es:

ECS = ? . Provide nunber of the ECS nodul e bei ng used.

COM = ? : Provide nane of the conputer system being used.
Possibilities: ibm sun, star, sgi, dec, and hp.

FOR = ? : nane of FORtran conpiler

COO = ? : Provide COmiler Options for conpilation

LIN =2 : Provide specific LINker options if required.

Conpi l er options are provided for I1BM SUN, DEC ALPHA, and HP

wor kst ations. Select the appropriate block by deleting the #-sign
inthe first colum before COM FOR, COO (and LIN), and put

#-si gns el sewhere.

(7) If user-specified functions are required, they have to be

programed into the appropriate subroutine in file <it2user.f>
(see exanples therein and in the | TOUGH2 Comand Ref erence).

Rev. 01 53



(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

Custom ze | TOUGH, if needed, in particular
Set default plotting interface, variable I PLOTFMI i n BLOCK DATA IT,
file <it2main.f> (default: TECPLOT).

Type "nake" to run the Makefile. This conpiles and |inks | TOUGH.
The nane of the executable is <itough2 | ECS. out>, where IECS is an
i nteger indicating which ECS nodul e i s being used.

On SUN and DEC ALPHA workstations, you may run into a severe
linking error due to nultiply defined subroutines.

However, these conpilers nevertheless create a file
<itough2 I ECS.out>. This file is not executable. Type "nake x
make it executabl e.

to

Add subdirectory ~/bin to the conmand search path
(if not yet defined)

Add the following line to your ~/.cshrc file:

set path =($PATH ~/bin).

In your hone directory, type:

source ~/.cshrc

Make sure the five script files <tough2>, <itough2>, <prista>
<kit>, and <it2help> in directory ../bin are executabl e.

If not, go to directory ~/itough2 and type:

make X

You may have to custom ze script files <prista> and <kit>.
See instructions therein

Check appropriate installation of script files:

Go to directory ~/itough2/sanples, and type "prista" or "kit".

A nessage wi || appear saying that no | TOUGH2 run is in progress.
Type "tough2" or "itough2" wi thout any argunents. The conmand usage
shoul d be printed.

The execut abl e <itough2 | ECS. out> can al so be used to run TOUGH2,
i.e., to solve the forward probl em wi thout optim zation

Runni ng TOUGH2 as a dummy | TOUGH2 sinul ation assures that the sane
version is used to solve both the direct and the inverse probl em
Furthernore, disk space can be saved since no separate TOUGH2
execut abl e i s needed.

A dunmmy I TOUGH2 input file <invdir> is provided, as well as a UNI X
script file <tough2>.

Custom ze script file <tough2>, if needed:

script _dir = ? : Provide path to script file <itough2>.

Default: ~/bin
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RUNNI NG | TOUGH2
++++++++ -+

(1)

(2)

(3)

Prepare a TOUGH2 and an | TOUGH i nput deck according to the user's
gui des. On-line support is provided through conmand it2help or on
the Web at http://wwesd. | bl.gov/ITOUGH (click on Conmand | ndex).
To run | TOUGH type:

itough2 inv file dir_file IECS &

wher e:

- itough2 is the comand nane of the script file (or alias)
- inv_fileis the file nane of the ITOUGH input file

- dir fileis the file nane of the TOUGHR input file

- IECS is the nunber of the ECS nodul e bei ng used

Addi tional options are available; type "itough2" w thout any
argunents for a list. In order to run the first sanple problem
go to subdirectory ~/itough2v3. 2/sanpl eQA and type

itough2 vwRITi vwWRIT 3 &

It is inmportant to add the "&" at the end of the conmmand I|i ne.
This sends the execution of the script file to the background,
which allows you to use prista and kit.

The <itough2> script file generates a tenporary directory
~lit2_PID.

All files are then copied into this tenporary directory. TOUGH is
executed, and the result files are copied back to your worKking
directory. This allows one to run nultiple inversions at the sane
time without generating conflicting file nanes.

Duri ng execution, the status of the inverse nodeling run can be
di spl ayed by running the <prista> script file. Follow the
i nstructions on screen

If you wish to prematurely ternmnate an | TOUGH2 sinulation or to
send a signal which triggers a specific action (e.g. provides
printout), use the <kit> script file and follow the instructions
on screen.

Runni ng TOUGH2
++++++++++++++

(1)
(2)

Prepare a TOUGH i nput deck.

Type "tough2 dir_file IECS & for execution, where:

- tough2 is the command nane of the script file (or alias)
- dir _fileis the file nane of the TOUGHR input deck

- IECS is the nunber of the ECS nodul e bei ng used

Addi tional options are available; type "tough2" w thout any
argunents for a list.
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Debuggi ng
+++++++++

Run the sanple problens to check the proper installation of the code.
If no results are obtained, check

(1) whether the script file <itough2> is executable and accessible from
your working directory;

(2) whether the I TOUGH executabl e <itough2 3. out> exists;

(3) whether the path nane to the | TOUGH2 executable is correct
(see shell variable prog dir in script file <itough2>);

(4) error nessages in the | TOUGH output file;
(5) error nessages in the TOUGH2 output file;
(6) for error nmessages fromthe shell script (files *.nsQ);

You may al so rerun the sanple problemusing the -no_delete option, and
examine all the files in the tenporary directory ~/it2 PID

SUGGESTI ONS
+++++++++++

The foll owi ng procedure is suggested:

(1) Use option ">>> stop after INPUT" to check | TOUGH input without
starting the optim zation; check printout of input data; resolve
errors and war ni ngs.

(2) Use option ">>> sol ve FORWARD probl emonly" to run one forward
cal cul ati on; check whether the TOUGH2 sinul ation was tern nated
normal ly; draw curves of neasured and conputed output (see plotfile
<*. tec>); check whether the initial guess was reasonabl e and whet her
the units and signs of your data were correct; check CPU ti ne needed
for one forward cal cul ation

(3) Performone iteration (">>> nunber of | TERATIONS: 1") and check the
sensitivity coefficients; if certain paraneters are not sensitive or
highly correlated with other paraneters, try to define new | unped
paraneters, or exclude the paraneter fromthe optim zation
Use option ">>> automatic paraneter SELECTION' for a faster and nore
stabl e optim zation.

(4) Performoptimzation; set maxi num nunber of iterations between
5 and 15.

(5) Carefully read warning and error nmessages in the | TOUGH
out put file.
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(6) Please report code errors to the code devel opers.

B B s e e e o O B B B B o s e e o S SO B

TOUGH2 i s docunented in:

K. Pruess, TOUGH2 - A Ceneral Purpose Nunerical Sinulator for Miltiphase
Fluid and Heat Flow, Lawrence Berkel ey Laboratory Report LBL-29400,
May 1991.

K. Pruess, TOUGH User's Quide, Law ence Berkel ey Laboratory Report
LBL- 20700 June 1987 (al so avail abl e as Nucl ear Regul atory Conmi ssi on
Report NUREG CR- 4645)

| TOUGH2 is docunented in:

S. Finsterle, ITOUGH User's Cuide,
Lawr ence Berkel ey National Laboratory, Report LBNL-40040, 1998.

S. Finsterle, ITOUGH2 Comand Reference,
Lawr ence Berkel ey National Laboratory, Report LBNL-40041, 1997.

S. Finsterle, ITOUGH2 Sanpl e Probl ens,
Lawr ence Berkel ey National Laboratory, Report LBNL-40042, 1997.

5

iling address:

Stefan Finsterle and Karsten Pruess

Law ence Berkel ey National Laboratory
Earth Sciences Division, Mail Stop 90-1116
Ber kel ey, CA 94720

US A

e-mail: SAFinsterle@bl.gov

phone: (510) 486-5205
f ax: (510) 486-5686
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